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Steel is one of the most widely used engineering materials, with applications ranging from
offshore onshore, airborne and space techniglegSuch dependency on steel can be
attributed to its remarkable strengthweight ratio and its versatility which allows
engineers to customize its strength according to their needs, thus enabling them to
confidently propose steel as theeferredmaterial before any physical manifestation of the
conceptual desigimhermamechanicdy controlled processinTMCP), asteel prodation

routes employs controlled heatingand cooling aided by grain refiner and mechanical
deformationto optimize steel's microstructure and enhance its stre@gimbiningTMCP
steelsin dissimilar weldingredues weight while stengthening theoverall structual
performanceand indirectly lowers global emission associate with steel production
Dissimilar welds or welds between steels with varying chemical compositions or mechanical
propertiesare technically challengingyet they are being increasingly used ircorosive
environmens and hightemperature applicationg/hen executed with precision, theesult

robust structurethat minimize capital investmenand optimize both material use and
structural performancdyenefiting bothengineers and project stakeholders. In this paper,
dissimilar welds between two thermeechanically processed steels, namely, Strenx 700
MC Plus and Domex 500 MC D, were investigated to examine weldment metathegy
HAZ region and fracture behaviourConclusions have been made to obtain optimum
welding parameters bgharacterizingnicrostructureandanalysingmechanicaproperties

and fracturebehaviourwhile also providing experimental resources about the design of
dissimilar welds.
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SYMBOLS AND ABBREVIATIONS

Roman characters

Ac1

Acs

Kmax

To

2D

3D

Austenite start temperature [°C]
Austenite stop temperature [°C]
Cracklength [mm]

Mean diagonal length of the indentation created in the specimignm]

Applied load in hardnedesting [N]

Current [A]

Maximum stressintensity [ MPaamm]
Heatinput [kJ/mm]
Preheatemperature [°C]

Thickness of plate [mm]
Cooling time between 800 fsp 500
Coolingt i me bet ween 800 t o 50[§ for
Voltage V]

Welding speed [mm/s]

Greek characters

d

aK
oKih

Angle between the opposite faces of the diamond indenter  [rad|
Stress intensity factor [ MPaamm]

Threshold oftress intensityactor [ MPaamm]



Dimensionless quantities

F2

Fs

Ce

Dimensionless shape factor to calculate welding heat input
Dimensionless shape factor to calculate welding heat input
Thermal efficiency

Low temperaturéerrite (alphaaustenite)

High temperatureustenite (gammaustenite)

High temperaturéerrite (deltaferrite)

Fusion efficiency

Abbreviations

AHSSs Advance High Strength Steels

ASTM American Society for Testing and Materials
BCC Body Centered Cubic

BCT Body Centered Tetragonal

BM Base Metal

BTR Brittleness Temperature Range

CET Carbon Equivalent Temperature

CEV Carbon Equivalent Value

CGHAZ CoarseGrain Heat Affected Zone

CN CarboNitride

DBTT Ductile-Brittle Transformation Temperature
DQ Direct Quenched

DWJ Dissimilar Welding Joint

EJ ExaJoules



FBTR Indian Fast Breeder Test Reactor

FCC Face Centered Cubic

FGHAZ Fine-Grain Heat Affected Zone

FL Fusion Line
FRT Finish Rolling Temperature
G Temperature Gradient

GMAW Gas Metal Arc Welding

HAZ Heat Affected Zone
HCF High Cycle Fatigue

HI Heat Input

HSLA High Strength Low Alloy
HSS High Strength Steel

HV Vickers Hardness

ICHAZ Inter-Critical Heat Affected Zone

IEA International Energy Agency

Iw International Institute of Welding

IMCs Intermetallic Compounds

ISO International Organization for Standardization
LCF Low Cycle Fatigue

LSP Laser Shock Peening

M-A MartensiteAustenite

OLAC On-line Accelerated Cooling

oM Optical Microscopy

PAGBs Prior Austenite Grain Boundaries



PF

QT

RA
RT
SCHAZ
SEM
SRT
TFBB
TMCP
TMR
TRBB
UHSS
UTM
UTS
Vi
WM
WPS

YSR

Flat Position

Quenching and Tempering

Solidification Growth Rate

Retained Austenite

Room Temperature

SubCritical Heat Affected Zone

Scanning Electron Microscopy

Start Rolling Temperature

Transverse Face Bend test specimen for a Butt weld
Thermomechanical Controlled Process
ThermaMechanically Rolled

Transverse Root Bend test specimen for a Butt weld
Ultra-High Strength Steel

Universal Testing Machine

Ultimate Tensile Strength

Visual Inspection

Weld Metal

Welding Procedure Specification

Yield Strength Ratio
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1 Introduction

Steel is a versatile material with a high strergtiveight ratio, excellent formability, and

good weldability. These properties make it suitable for diversified engineering applications,
including onshore and offshore construction, automobiles, heavyimeag, aerospace, and
space technology. Steel has become an important construction material in the global
economy, allowing offsite prefabrication, sustainable construction, enhanced safety, and
efficient material utilization through controllability, rection, reuse, and recyclability
(Burgan & Sansom, 2006, p. 117&igure 1 shows a significant increase in global steel

production in the last two decades, reflecting its global dominance.
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Figurel. Global steel production data from World sté@hsson, 2023, p. 7)

The International Energy Agency (IEA) publishes yearly reports one@@ssions and steel
demand. Their reports show an increasing trend for bothed@ssion intensity in steel
manufacturing and global demand for steel. Figure 2a shows ther@i€sion intensity in

steel. With increasing demand, its production has become a focal point in the green
engineering effort. Steel manufacturing is one of thetipcontributors of greenhouse gas
emissions with 0% (Kim, Sovacool, Bazilian, Griffiths, Lee, Yang & Lee, 2022, p. 1)
Figure 2b shows the source of energy primarily used to meet the energy demand in steel

production expressed in Exajoules, with coal accounting for approximately 75% of the total
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energy consumption. Consequently, manufactundgstries are rigorously investing in the
substitution of coke and treatment ofjsoduct gases to minimize carbon emissi@isang,
Jiao, Zhang & Guo, 2021, ppi 11).

GLOBAL CO, EMISSIONS INTENSITY OF STEEL PRODUCTION 2007-2023
° GLOBAL IRON AND STEEL INDUSTRY'S ENERGY DEMAND 2022, IN

~In metric tons of CO, per metric ton of crude steel cast EXAJOULES (EJ)

Figure2. @) Global CQ emissions intensity of steel production 223 ) Global iron
ands t e el Il ndustryodos ener gYEAI2026aStatista,22028)2, i n

As coke substitution technologies continue to evolve, the current rate of emission must be
controlled to reduce its environmental impact. One way is to reduce the global consumption
of steel by increasing and i fYangduwoiZhang&t e el
Su, 2024, p. 376)Steel withrelativelysuperior mechanical properties, suchigé strength
steel(HSS), can be used instead of conventional steels where the stresses are concentrated
and has high safety risk. The use of HSS not only enhances the structural performance but
also helps to reduce the required material by offering high strength to weightAsatio.

result, one important aspect of HSS is to create an efficient steel application and reduce
emissions by minimizing global steel use while enhancing produciegity. This shift from
conventional steel to HSS can help reduce carbon emissions from the production and
transportation of steel by reducing steel demand and making structures light and efficient
(Amraei, Ahola, Afkhami, Bjork, Heidarpour & Zhao, 2019, p. 1)

Although there is no universally recognized strength limit for steel, in literature, steel with a
strength up to 950 MP@irinen, Martikainen, Layus, Karkhin & Ilvanov, 2016, p. 128)
nominal yield strength up to 700 MPamraei et al., 2019, p. 13 referred to as HSS. With

the new strength levels in the steel achieved, the terminology has changed fratndngth
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low-alloy steel (HSLA) to HSS or ultrddSS (UHSS). Figure 3 classifies the development
of steel in accordance with the yield strengtmew generation of steel such Aadvanced
high strength steels (AHSSs) asffer good strength, formability and durability for the
automotive use compared to conventional HIS®#ich, 2011, p. 1)

u R S— | —

Total Elongation (%)

-
L= =

800 1100 1400 1700
Yield Strength (MPa)

=
b
=
=
n
=
=

Figure3. Yield strength Vgotal elongation of different steg|Birinen, 2013, p. 18)

Traditionally, HSLA steel had a yield strength below 550 MPa. However, today, steels with
yield strengths above 550 MPa are generally referred to agRi@&n, 2013, p. 17HSSs
contain low carbon and offer excellent weldability as compared to conventional steels. They
are reliable for the heavy lodmearing structure. Their use results in the thinner, lighter and
stronger structure, enabling weight reduction, material safuegefficiency, low emissions

and cost effectiveneq®\mraei et al., 2019, p. 1Pverall, HSS are highly beneficial for
critical applications over lovgtrength steels due to both economic and performance

advantages.

Weld joints formed between steels of different grades are referred to as dissimilar welded
joints (DWJs). These joints help to modify the strength of structures in critical regions or
applications and facilitate the joining of different grades of stealsoptimize their use.

This is required when there is a transition between microstructures and mechanical
properties of the two base metals. HSS improves both the operational performance and

structural mobility of strong loaldlearing components and theirngee life while
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minimizing the required materials. DWJ often reduces throat thickness compared to usual
welds and helps reduce the consumption of materials and arc time, contributing to an
efficient manufacturing approach in weldinf Szust a, Derpe@Eski, K
DobrzaE&skii30)2023, pp. 1

Therefore, using dissimilar welding has increased significantly in industries such as
shipbuilding, automotive, chemical processing, and the energy sector. However, DWJ comes
with challenges, especially due to the variable material properties involvedghn h
temperature welding process@gock Bayock, 2020, p. 21For a weld joint to perform
better, the distribution of microstructures and mechanical properties like hardness must be
uniform spatially throughout the weldments dreétaffected zoneHAZ) region, which, in

the case of DWJ, can be difficult to achieve with conventional welding techniques. Careful
attention must be given during material selection and choosing welding parameters. The
thermal cycle must be carefully monitored during the weldittakes several welding trials

and studies on the microstture, mechanical properties, and fracture and fatigue behaviour
to obtain defect free welds for structural integrity aaféty (Mortezaie & Shamanian, 2014,

p. 38.)

This study focuses on the dissimilar weld joint between HSS of different strength grades. It
goes through a series of welding trials, followed by microstructural and mechanical testing,
to develop appropriate welding parameters. It is important to er@otggerformance and

reliability for critical structural applications.

1.1 Background

As the new strength levels are achieved in steel manufacturing, relying solely on past data
for their applications, particularly in DWJ, may no longer be sufficient or fully applicable.
Existing research and design codes are limitedspecific steel grades and certain
manufacturing processéafkhami, 2018, p. 13)The available scientific papers and design
guidelines do not fully cover the topic, such as HSS and DWJ, and in particular the
combination of joint involving Domex 500 MC D steel. Therefore, due to the lack of
sufficient information on DWJs involving HSSéa the absence of proper guidelines,

manufacturers are likely to overestimate gaametes (Tasalloti Kashani, 2017, p. 80)
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Thus, it is essential to investigate the behaviour of DWJ of HSS to understand the influence

of different steel combinations on weld quality, their performance, and structural integrity.

A dissimilar weld joint is formed by two or more materials with different chemical
compositions, microstructures, mechanical and thermal properties. Their weld pool exhibits
spatialvariationsacross the joint. These variations are primarily caused by the differing
thermal properties of the constituents (base metals and filler metal) of the weld pool, leading
to several issues, including microstructural inhomogeneity, hardness variation, and
sgyregation. Moreover, DWJ are associated with other problentsddtathe formation of

soft and hard regions, the formation of brittle phases, intermetallic compounds (IMCs),
precipitation, carbon migration, and weldment hardening. AdditionallyH#2& region,

which is the most critical part of the joint, is affected by inappropriate HI often results in
issues like softening, coarsening or harder{dgk & Pandey, 2020, pp. 3i7Z06; Njock
Bayock, 2020, pp. 1®81). Altogether, these issues compromise the structural integrity of
the joint and lead to premature failure. Hence, it is important to carefully investigate the
influence of filler materials, base metal selection and choice of the welding parameters

during disimilar welding.

Filler materials play an important role in weld quality. The chemical compositions of filler
material and their corresponding thermal properties are crucial for the weld integrity. They
i nfluence the jJjointbds perf orainbotbeewosls, nse | ar
of inappropriate filler material can lead to similar defects as those caused by mismatched
base metals. Precisely, certain alloying elements of these filler materials may trigger the
formation of unwanted and deleterious phasesgssice hardness mismatch, carbon
migration, and softening of the HADak & Pandey, 2020, p. 389; Mvola, Kah, Martikainen

& Suoranta, 2016, p. 149)heir presence in the weld joint put the joint at high risk for crack
initiation and propagation. Therefore, selected suitable filler materials should be
metallurgically compatible with the base metal and provide a smooth transition in

mechanical propertgeacross the weldment.

In addition, heat inpufHl) is another critical factor contributing to the joint quality. It
depends on the welding process and its parameters. This study used gas metal arc welding
(GMAW) to join two selected materials. It is one of the most widely used, simple, fast, and
economicwelding processes in industriggfkhami, 2018, p. 12)It is a highly efficient

welding process. However, controlling HI in GMAW is of critical importance to avoid HAZ
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softening and weldmentlated defects. Excessive HI can compromise the strength and
toughness of the steel by causing grain coarsening and HAZ softening, while insufficient Hl
can lead to the lack of fusion and other defects. These issues become maicatednpith
Thermomechanically rolled (TMR) steel, which contains a heat sensitivegrane
microstructure with exceptionally high strength and toughness. Any discrepancies in the
welding process, especially during the selection of welding parameterdead to the
depletion of the mechanical properties of the weldment and HAZ region and the cost of the

structural integrity of the welded structu(Be Meester, 1997, pp. 54244.)

The HAZ of DWJs particularly in HSS and TR steels, remains vulnerable to softening
due to improper thermal cycles during welding. The hardness of the soft region of HAZ shall
drop significantly as compared tmase metal EM) and compromise the load bearing
capacity of the welded structure. Furthermore, the varying microstructures across weld joints
are prone to inducing defects, stressicentrated regions, and residual stress, which can
later develop into sites for cracktiiaition, leading up to the ultimate failure of the weld joint
(Shi & Han, 2008, p. 31)rhis signifies that théll and thermal cycles are the most critical
factors influencing the microstructure and mechanical properties of the weld joint, especially
the HAZ, and thus directly impact the mechanical performance and fracture behaviour of the

welded structure.

1.2 Objective

The objective of thishesisis to investigate the effect bfi in microstructure experimentally

and to analyse the mechanical properties and fracture behaviour of DWJ. It examines the
microstructure development and its characterisation in GMAW of TMR steels. The research
focuses on determining the optimum welding paaters for the DWJ between Strenx 700

MC Plus and Domex 500 MC D through trial welding, hardness examination, tensile testing,
bending testing and micrography. It also provides a detaile¢ stadhe microstructure
evolution, characterisation of grain structure, phase transformations, microhardness
distribution, and potential defects associated with the weld metal and HAZ. Additionally, it
presents experimental tests related to mechanicalgestcluding micrography and tensile
testing, to evaluate the overall performance of the welded joints. Literature on the steel grade

Domex 500 MC D is limited. The data and analysis in this paper may be relevant for future
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studies on this steel grade. By the end of the study, a correlation between microstructural
changes and corresponding mechanical properties is formulated by identifying critical
factors that contribute to weld integrity and failure mechanisms. The findliogs this
research can contribute to optimising welding parameters for improved structural

performance and reliability of welding of TMR steel by GMAW for industrial applications.

1.3 Research problemndresearch questions

As mentioned earlieWJs pose asignificant challengandrequiresproperprecautiorto
minimize thér effects and increasbew e | d 6 s s €histhesisidentifies fbllewing

researctproblemandquestios, which are addresséuroughlaboratoryexperimets.

Research Problem

1. DWJ must be done within a narrow range of HIl due to the variable thermal
characteristics of the base metals and their corresponding alloying element to avoid
their thermal sensitivity, such as precipitation, segregation of alloying constituents,
formationof brittle phases, or carbon migration. It is challenging to balance the HI,
i.e. insufficient HI can lead to lack of fusion or lack of penetration, while excessive

HI can cause burthrough or widening of the soften region in the HAZ.

2. Microstructure of TMR steel contains fine grains, which results in better strength and
toughness when compared to traditional steels. However, preserving these properties
during welding is challenging. It is because slight discrepancies in the selection of
welding parameters or processes can lead up to the deterioration of the

microstructure, resulting in poguality welded joints.

3. Selection of filler material is one of the crucial parts of DWJ. In general, it involves
the matching with lowstrength steel. However, the resulting mechanical properties
of the weld joint also depend on the factors such as the welding process, parameters
position, and weld geometry. So, DWJ must be carefully implemented to ensure
optimal mechanical performance and weld quality. Proper selection and control of

these factors are essential to achieving a reliable and durable welded joint.
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4. The literature on Domex 500 MC D steel is limited. Therefore, there is a need for
research to investigate its welding performance characteristics and microstructural
behaviour to establish guidelines for its effective use in welding applications. Since
literatures are not available, the welding process and experiment must be carefully

planned and controlled. The data analysed must be reproducible.

Research questions

1. How doesdissimilar welding between higstrengthand lowstrength steel affect

joint's structural integrity and stren@th

2. What is theinfluenceof HI on the microstructuregrain structureandmechanical
properties of th& MR-producel steel inDWJ?How can it be explained itihe case
of Domex 500 MC DandStrenx 700 MC Plus?

3. What are theequiredwelding parametern® achieveoptimummechanical properties
in dissimilar weld joints (DWJ) between Domex 500 M@mziStrenx 700 MC Plus?

4. What is the influence of filler wirenatching with the lowstrergth gradeon the
microstructure, hardness distributjiaandmechanical properties of dissimilar weld
joints (DWJ) between Domex 500 MCdndStrenx 700 MC Plus?

1.4 Researcthypothesis

First HypothesisThe mechanical properties thie dissimilar jointbetweerDomex 500 MC
D andStrenx 700 MC Plusanbe optimizedby maintaining optimum Hwithin a narrow

range andherdoy preventingcoarsening of grain structure

SecondHypothesisin theDWJ of HSS steed, steel withthe highest strengils more likely
to experiene agreaterextert of softening inthe HAZ region.In the present studya DWJ
of Domex 500 MC DandStrenx 700 MC Pluss investigatedandthe results areorrelated
with the scientific studiego verify that thedrop in the hardnesa Strenx 700 MC Pluss
indeedmore tha in theDomex 500 MCD.
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1.5 Limitation of the studies

1. This study is specificto GMAW, TMR steelof specific steel gradefiller wire
matching the lowestrengthstee] specificwelding parameterdlat position (PA),
andbuttjoint. Therefore, the findingandconclusions drawfrom the studyarethese
specificentities andnay not be directly applicable to other steel grades or welding

processes

2. Since research on Domex 500 MCaldits welding performance ikmited, the

direct comparisons with existing studiezn bechallenging.

3. This experimeninvolvesthe studyof DWJin controlled laboratory environments,

due towhichit may not be replicated fully in reatorld environments.
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2 Literaturereview

In this section, the application and challenges behind the implementation of DWJs are
reviewed along with the fracture and fatigue behaviour of the joint itself. A brief introduction

to the GMAZ welding process and i and cooling rate are covered. It also contains a
review of the steels as a base metal, the manufacturing process route and its weldability

aspect.

2.1 Dissimilar welds

Dissimilar welded joints (DWJ), which facilitate the joining of metal having different
chemical compositions, microstructures, mechanical, and thermal properties, are particularly
used in applications requiring a transition in mechanical properties afatnpance in
structure(Mortezaie & Shamanian, 2014, p. 3A) typical example of DWJ is the weld
connection between a steam pipe and its support. The steam pipe cstea@ysoperating

at a higher temperature than its support, which typically operates at ambient conditions. The
mechanical properties of these metals are completely different, which DWJ brings together
in a joint for critical application. The use of DWJ optimizes strudbyrallowing the use of

high- performance material only where it is required.

In other applications, DWJ between ksivength and higistrength steel, like the one being
investigated in thighesis helps to reduce the weight of the structure by reducing throat
thickness and increasing the strentgiweight ratio of the structureThe lightweight
structure has the economical as well as performance benefits due to reduced material
consumption, increased structural flexibility, improved maneuverability and high joint
strength. Its engineering use can be beneficial due to increasedfitiency and reduced

global carbon emissions linked to production, transportation, and servicgBlhd¢z, von

Arnim, Eichler, Gericke, Hildebrand, Bergmann, Kuhimann & Henkel, 2023, pp.i2791
2792.) It has set a new milestone due to its joint strengthening properties, weight

optimization, and facilitating critical applications across various industries.



24

2.1.1 Application

DWJ are extensively used @xtremeenvironmentsuch as offshore applicati@amdpower
plants light weight and enhanceperformancerequirement Automobile is another key
industry employing DWJ foluel economy, light weight and reduced emissitime benefit
of DWJ is that they not onlpffer economical advantaghie to reduced weight batso,
they reducematerial consumption hence reducing material demands &k emission
while enhaning performanceand strengthening structuré&aich application lowers overall
stress in the nature and its growing exploitatiegw renownedpplicationsof DWJ based

on the various literature are brieflyscussedn this section

Power plant

A dissimilar weld joint finds its application in extreme conditions in power plants, where it
enables the use of higlerformance materials in critical locations exposed to high
temperatures and pressure. A few examples involve joints betweenfaaitensitic steel

and austenitiéDak & Pandey, 2020, pp. 3i7Z06), austenitic stainless steel and ferritic steel
(Celik & Alsaran, 1999, pp. 318B18; Joseph, Rai, Jayakumar & Murugan, 2005, ppi. 700
705; Rathod, Pandey, Singh & Prasad, 2015, ppi Z&®, Ni-based superalloy and
austenitic stainless ste@affakh, Shamanian & Ashrafizadeh, 2009, pp. 3&539) and
stainless steel and copp@aghel, 2022, p. 1yhich are used imritical components of
power plants, such as generators, reactors, steam pipelines, superheaters, reheaters, anc
water walls. These combinations of metals are well known for excellent fatigue, creep
strength, enhanced corrosion resistance and improvedameahand thermal properties for
critical applications involving high temperature and high pressure. Figure 4 depict the typical

example of DWJ pipe used in power plant referenced fdoseph et al. (2005, p. 702)
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Figure4. DWJ betweenwo pipes o2.25Cii 1Mo ferritic steel andAlSI type 316
stainless steelsedin an Indian Fast Breeder Test Reactor (FB{I®seph et al., 2005, p.
702).

Petrochemicaandchemical Industries

The petrochemical and chemical industries experience severe emergencies due to the
handling of hazardous, flammable and pressurized chenf@alsabaie, Eskandari, Azari,
Jahangiri, Rahimi & Shahtaheri, 2012, p. 1; Guo, Yuan, Song, Peng & Wang, 2011, p. 1)
The use of DWJ in these industries enables the unique combination of materials which
enhance corrosion resistance and oxidation resistance of the vessels and pipelines containing
and transporting chemicals and petrochemicals. DWJs enhance the mechaperigsrin

the weld, making it usable in higiressure environment. For example, DWJ between duplex
stainless steel (DSS) and leadloy highstrength steefWang, Ma, & Li, 2011, pp. 831

837), as well as duplex stainless steel and Nitronic §¥sehg, Luo, Zhang & Su, 2024, pp.

376 397), and Nibased alloy and austenitic st¢lklortezaie & Shamanian, 2014, pp.i37

46), are being used in petrochemical, chemical industries, and the oil and gas industries,
which resist stress corrosion cracking, provide high strength and prevent galling. In addition,
DWJ of stainless and medium carbon st used in pressure vessels, heat exchangers and
equipment for the petrochemical and oil and gas indus{B&sgh, Sharma, Basu &
Eskandari, 2019, pp. 98891).
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Automobile

For many decades, the automobile industry has been striving to reduce vehicle weight while
maintaining structural strength and improving eefééctiveness of the vehicles. According

to Cheah (2010, p. 132 10% reduction in vehicle weight increases fuel efficiency by 6%

8%. DWJ between steel and aluminium is proven to be an effective solution. It is gradually
reshaping automobile industries by replacing steel as the primary structural material, thus
decrasing reliance on steel and reducing global steel consumption, ultimately reducing ore
exploitation. Use of Al and other alternatives has resulted in an increase in fuel efficiency,
reduction in emissions, and enhanced performance while maintainingusdtgtrength

(Kah, Shrestha & Martikainen, 2014, p. 269; Yang et al., 2024, p. B¥8) has huge
potential to become an important part of sustainability and a greener future in the automotive

sector.

Electronic andhome appliances

The application of DWJ for the reduced weight can benefit electronic and home appliances
as well, while providing sufficient strenc
for hightemperature applications by improving corrosion resistance laaonal and
electrical properties. A few examples of DWJ used in electrbkéc batteriesinvolve
aluminium and stainless std&lang et al., 2024, p. 278)opperand stainless ste@aghel,

2022, p. 1) These combinations are commonly used in refrigerators, air conditioners, heat
exchangers and many othappliances. The combination of Al, known for its corrosion
resistance, lightweight and strength, Cu for electrical and thermal properties and steel for
high strength and structural integrity allows electronic and home appliances to effectively
withstand ekeme operating conditions in higamperature and corrosive environments

while also maintaining durability, efficiency, and functionality.

Marine technology

Dissimilar weld joints are extensively used in marine technology to combine high
performance materials for extreme operating conditions, which include high pressure,

corrosive environments and low temperature. The characteristic feature of DWJs igythat the
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can help to modify structural components for strength, resistance to pitting, crevice
corrosion, galling and wear, and oxidation. Their use has enabled underwater exploration for
petroleum products and gas. For example, DWJs betwebadéd alloys and disphase

super duplex stainless steel (Super DSS) or Nitronic Steel and Super DSS are being used in
subsea oil and gas drilling systeifdaurya, Pandey & Chhibber, 2021, p. Ni-based

alloys optimize the tensile strength, yield strength, and creep strength of DWJs. DWJs with
Ni-based alloys and Nitronic Steel are better known for their galling resistances, enabling

smooth operation between machine elements.

Agricultural Machinery

The use of DWJ in agricultural machinery has been found to be beneficial. A stBdydig

et al. (2023, p. 25bn agriculture equipment showed that the use of DWJ has multiple
benefits. Firstly, they reported that it can help reduce the weight of the machinery and
equipment by up to 40%. The weight reduction helps increase the fuel efficiency, and lower
operating ost of the machinery, making agricultural products affordable. Secondly, their
report shows that the strength of the welded joint increased by 10%, which implies the
durability of the machine increases,ty one
and operational efficiency and reduces maintenance costs and downtime. Third, the use of
DWJ in welding shops can reduce energy consumption by 20%, reducing manufacturing
time and cost. This is a perfect example of a reduced welding job due to tHeaus®aall

throat thickness to achieve equivalent or even more strength in the joining process with the
help of DWJ. Such applications not only highlight the economic benefits of dissimilar weld
joints but also their ability to modify structures for the gfie application requirements.
Figure 5 shows various DWJ used in the studied harvesting machiSesdta et al. (2023)
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55
Strenx 700 IJ

P

Figureb. Green forage harvesting machimaanufactured using Dissimilar welding
(Szusta et al., 2023, p. 24)

2.1.2 Challenges

While dissimilar weld joints enable joining of materials with differing chemical
composition, microstructure, mechanical and thermal properties to achieve desired
properties, they present several challenges which compromise the structural integrity and its
performance. For inahce, hardness variation, residual stress, unwanted phase
transformation, and microsegregation are common with these joints and can potentially
increase the risk of brittle failure, hydrogen cracking, or softening in theaffeated zone

(HAZ) (Joseph et al., 2005, p. 700; Njock Bayock, 2020, pp31pVarious literature can

be found in DWJ highlighting these challenges, where the primary cause of their occurrence
is traced back to inherent differences in alloying composition, their thermal properties and
solidification behaviour(Baghel, 2022, p. 1; Celik & Alsaran, 1999, pp. 312)
Therefore, addressing issues related to DWJ to ensure the welded structure remains in

service for the intended period is both important and challenging.
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Microhardness variation

Microhardness variation is among a few commonly experienced issues related to the DWJ.
It is primarily influenced by the varying microstructures and phase distribution. Thermal
properties and cooling rate affect solidification behaviour and phase formistidtiple

studies have reported the variation in microhardness distribution across the weld joint
(Mortezaie & Shamanian, 2014, pp.idB6; Naffakh et al., 2009, pp. 362839; Parkes,

Xu, Westerbaan, Nayak, Zhou, Goodwin, Bhole & Chen, 2013, pp.6665 Wang, Lu,
Zhang, Chang, Xu, & Hu, 2012, pp. 3B24) DWJ between austenitic stainless steel and
nickelbased alloy, low alloy steel and duplex stainless steel, anestrigingth low alloy
(HSLA) and dualphase steel are a few examples from the literature with such variation.
Softening of HAZ, coarsening ofg@n, presence of precipitation, carbon migration, retention

of heat at highHI, and formation of deltéerrite are major contributors to the hardness
variation in the weld joint. These defects cause the formation of soft and hard regions in the
joint, whose interface are potential sites of crack initiation, and especially weld metal and
HAZ (Celik & Alsaran, 1999, p. 316)

Residual stress

While residual stresses are inherent to all welding processes, the presence of different
chemical compositions with varying thermal characteristics in the @ARIdevelop more
severe residual stresses due to-noifiorm contraction during solidification. Regions with
residual stresses shall facilitate sites for cracking initiation and primarily influence the failure
behaviour of the welded structure. They can l@adarious failure modes, namely, brittle
fracture, fatigue failure, buckling and stress osion crackingMaurya et al., 2021, p. 17)

It must be controlled in order to improve the performance, reliability and durability of the
weld joint. Welding parameters and cooling rates are the identified critical variables to
control residual stress by regulating the amountlibfind cooling timgDak & Pandey,

2020, pp. 37i7406).

Industries use various techniques in order to relieve residual stresses and optimize weld
properties. Postvelding heat treatment (PWHT) involves heating the weld below the lower
critical temperature(Ac1) and cooling normally. Other techniques involve improving

mechanical properties by transforming tensile residual stress into compressive residual stress
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by using Laser shock peening (LSPgk & Pandey, 2020, p. 386peveral measurement
techniques include destructive methods like deep hole drilling and diffraction methods, as
well as nordestructive methods like neutron diffractionray diffraction, and ultrasonic
methodgAkbari & SattariFar, 2009, p. 769; Dak & Pandey, 2020, p. 401)

Intermetallic compoundandprecipitation ® C, N andCarbonitride CN)

When metals with various alloying elements are welded together, the elements can interact
and form compounds with each other and hence cannot fulfil their intended function in the
joint. Instead, these compounds alter the mechanical and microstructyraitig® of the

joint. Examples include the formation of various configurations eAE&li-Al, and TtAl
intermetallic compounds and the precipitation of carbides, nitrides, and carbor{irédes

& Pandey, 2020, pp. 37406; Maurya et al., 2021, ppi 22; Yang et al., 2024, pp. 376

397) These compounds are common in alloyed steel. Their occurrence in a weld joint affects
the strength due to their hard and brittle microstructure. These compounds position grow
overtime in a slow cooling rate and become hard and brittle, risking the wadgitp{Dak

& Pandey, 2020, p. 385%imilarly, precipitation of carbide, nitride and carbonitride due to
bonding of alloying elements with C, N and CNhee formation of a hard region in the weld
joint. They can benefit the microstructure evolution by stabilizing the austenite by the
pinning effect as in Figure 6, but they increase the formation of hard and soft regions whose

interfaces are prone to brétfracture.

MX

MX

Prior Austenite
grain
Boundaries

Lath

Boundaries
Packet
Boundaries

Figure6. Examples of precipitatio(Dak & Pandey, 2020, p. 383)
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Unwanted phase transformation

Various deleterious phases, such as the delta ferrite phase, laves phase (Fe, Cr)2(Mo, W),
Fe, zphase (CrNbN), modified-p hase Cr ( Nb, V) N, and Sig
high temperatures and slow cooling rates in alloyed steel orpg@gbrmance ste(Dak &

Pandey, 2020, pp. 37406) These phases compromise the mechanical properties of steels
like high temperature creepsistant steel or chromium steel. For example, delta ferrite
softens the HAZ region, the Laves phase separates Cr and C in chreteeisand
decreasedts corrosion resistance, the-phase in creepesistant steel reduces the solid
solution strengthening, and sigmphase promotes chromium depletion activiiiPak &

Pandey, 2020, pp. 3v406; Moteshakker & Danaee, 2016, p. 288¢nce, in the critical
application involving elevated temperature and stress, the formation of unwanted phases

poses a significant threat to the structure.

Segregation

During solidification, varying thermal properties, ligtgthte solubility, and solid solubility

of alloying elements may trigger solute segregation. Segregation of carbide, nitride,
carbonitride, and impurities such as sulphur and phosphorus has begedr@pwarious
studies(Dak & Pandey, 2020, pp. 3i7Z06; Mortezaie & Shamanian, 2014, p. 39; Naffakh

et al., 2009, pp. 3628639) This segregation forms soft and hard regions in the weld
structure and tends to widen thigttleness temperature ran{8TR) (Naffakh et al., 2009,

p. 3633) potentially increasing the brittle failure, stress corrosion cracking, and hydrogen
induced cracking due to increased brittle microstructure, toughness, and d(Mtlityya

et al., 2021, p. 6)

Softening of HAZ

In dissimilar weld joints, softening of HAZ is one of the key problems. It is associated with
a decrease ihardnesgAmraei, Afkhami, Javaheri, Larkiola, Skriko, Bjork & Zhao, 2020,

p. 2) It occurs due to prolonged exposure to temperatures during welding. Other than that
formation of deleterious phases, delta ferrite, carbon migration, and coarsening of grains

result in softening of HAZ. The drawback of the softened region is that thehdodeess
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and ductility, compromising weld integrifpak & Pandey, 2020, p. 400; Muda, Nasir,
Mamat & Jamian, 2015, p. 949§oft regions in HAZ are potential sites for crack initiation,
significantly influencing the fracture behaviour of the weld joint. They might also lower the
fatigue life(Farabi, Chen & Zhou, 2011, p. 988)

Carbon migration

Due to varying carbon content along the DWJ, carbon migration may @ewsoft zone

and a hard zonmay coexist Soft zons are carbondepletedregion while hard zorseare
carbon enrich regiomvhich impacts residual stress and contributes to fatigue failure by
altering the local microstructuf@lbert, Gill, Tyagi,Mannan, Kulkarni & Rodriguez, 1997,

p. 135) The correct filler material must be selected to avoid this issue in the(lvakd&
Pandey, 2020, p. 37.7)

Unmixed Zone

Various studies have suggested the presence of unmixed microstructure in DWJ
(Moteshakker & Danaee, 2016, p. 286; Naffakh et al., 2009, p. 3630; Wang, S. et al., 2011,
p. 832) This microstructure consists of portions of the base material in the weld metal that
underwent melting and recrystallization without diffusing with the filler material as in Figure
7. It has been reported that unmixed regions of the base metal can dheurveidment due

to differences in melting points. These unmixed regions can significantly compromise the
welded joint and are associated with IBMv This highlights that the thermal characteristics

of materials in DWJ are a critical factor governihg microstructure of the weld joint.
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Figure7. @ unmixed zones at the interface between Inconel 625 weld,raatihconel
718 base metal,)lunmixed zones at the interface between Inconel 82 weld ,raetl
310S base metéMortezaie & Shamanian, 2014, p. 43)

Aforementioned challenges associated with DWJ have been referred to various literature
based on their respective observations. These challenges tend to deteriorate the joint
performance and compromise the integrity of the welded structure. Thereforejtipreca

must be taken during the planning stage of weldiNgpck Bayock, 2020, pp. 131). One

of the crucial things to be considered is the selection of the filler materialadéd filler
material fills the gap in thermal properties between ferrite steel and austenite steel and

improves the joint's performané®laurya et al., 2021, p. 12)

2.2 Gasmetalarc welding (GMAW)

Dissimilar metals can be welded using several methods, as shown in Figure 8. Gas Metal
Arc Welding (GMAW) is a commonly used technique for dissimilar metal welIwyJ).

It is a fusion welding process, and its application depends on the chemical composition of
the base metal and the production requirements of the manufa@€areet al., 2014, p.

269). It is a highly productive welding process due to the continuous supply of the filler
material, which melts with the base metal in the presence of a high ampere electric arc to
form a weld joint upon solidificatiofCho, Na, Cho & Lee, 2013, p. 1640; Correia,
Goncalves, da Cunha Jr, & Ferraresi, 2005, p. 70)
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Methods of welding
dissimilar metals

Fusion weld Low dilution weld Non fusion weld

Friction weld

Electron Beam FI'iCtion'stjr weld
L Explosion weld
aser Beam APIOS
Pulsed A Diffuision weld
S Ultrasonic weld

Figure8. Different types of welding methods used for D{&&h et al., 2014, p. 270)

Similar to other welding techniques, GMAW is also associated with issues rel&tednd
residual stress due to inappropriate welding parameters and thermal cycle, leading to
microstructural variation across various region of weld joMkbari & SattariFar, 2009, p.

769; Njock Bayock, 2020, pp. 191). Its application in DWJ becomes more critical due to

the alloying composition of the base material and filler material, which can result in
completely different material behaviour than the base materialldp(itah et al., 2014, p.

271)

The development of the e | thiérestructure andés mechanical properties &fectedby
various factors includingvelding parametergll, cooling rates, weld geometry, welding
process, welding position, type of joint and consumables like filler material and shielding
gas. However, heat input and cooling rates priilmaontribue the microstructureand their
mechanical properties in GMAWKorkmaz & Meran, 2022, p. 2)

Heat Input

The effect of heat inpHI) in the weld joint has been extensively studied in many literatures
(Njock Bayock, 2020, pp. 121; Pirinen, 2013, p. 47; Tasalloti, Kah & Martikainen, 2017,

pp. 2941). It is important to controHI for better joint performance. Otherwise, improper
heat input can lead to several issues, including hot cracking, liquation cracking, hardening
and softening of the HAZ region, and a reduction in the toughness and ductility of the weld



35

metal(Tasalloti et al., 2017, p. 2QYoreover,HI is a primary contributing factor to various

challenges associated with dissimilar welding joints (DWJ), as discussed in Section 2.1.2.

Welding involves a transient heat source which varies over time and affects the weld quality
(Chang & Teng, 2004, p. 518}he efficiency of the welding process is significantly affected

by welding speed and arc powgftackenhaar,Gonzalez, Machado & Mazzaferro, 2018, p.
497)

Equation 1 measures the HIl in the welding prooghsyeQ is heat input (HI) in KIJ/mnP®
is power supplied during welding in watt$,is voltagein volts, | is current in Amperes/
iswelding speeth mm/seckis thermal efficiency (unitlesshccording to EN 10111:2009,
thethermalefficiency of GMAW is 0.8

The melting efficiency of the BM is another important terminology often used in the welding
process.The supplied thermal energy insion welding fuses two base methlelting
efficiencyis the ratio oheatrequiredto melt thebase metal to formnit lengthbeadto the
suppliedheat It is also influenced by both the welding speed and arc pgwaakenhaar et

al., 2018, p. 498)

_ QiAW
A= Ui 2

Equation 2 can be usedcalculatefusionefficiency or melting efficiency, hered_ is the
fusion efficiency,Q is fusion enthalpy in J/miA is thecrosssection area of the weld

bead inmn? U is voltagein volts, | is current in Amperesis speed of welding in mm/sec,

Thermal properties of the material play a significant role in the welding process. Material

having higher thermal diffusivity tends to conduct or dissipate the heat energy away from
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weld metal, leaving limited heat for melting. As a result, such materials require higher HI to
fully melt the base material (BM), which leads to lower melting efficigityckenhaar et

al., 2018, p. 498) HSS are highly resistant to tl#l. It means that elongation and area
reduction take place at a slow rate. Therefore, as HI increases, the ratios of ultimate tensile
strength to yield strength and total elongation at fracture to yield strain decrease, which
increases the likelihood of hitéé fracture in the absence of plastic deformat{@mraei et

al., 2019, pp. 115).

Cooling Rate

The influence of cooling time on the microstructure and mechanical properties of the weld
metal and HAZ is closely linked to grain size evolution during solidification and phase
transformation(Pirinen, 2013, p. 45High HI introduces significant heat energy into the
weld joint, delaying the cooling process and allowing the grains to grow. As a result, the
microstructure becomes coarser, harder, and more brittle, leading to a loss of toughness.
According toAmraei et al. (2019, p. lhardnes€aninverselyrelateto toughnesg HSS

This relationship between hardness, toughnesg;lafatilitates the planning of the welding

process.

According to EN 10112 (2001) platethickness, weld geometry, preheat temperature, and

HI during welding significantly influence the cooling time. The cooling period between
800 AC and 500 AC plays a <critical rol e
microstructurdEN 10112, 2001)
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For low-alloy steels, 2D and 3D heat flow can be estimated using EquationEjaaton
4 provided inEN 10112 (2001)whereToi s pr eheat i n gtidgthethigkeasat ur
in mm, Q is welding heat input in Kdim. F2 and F3 are dimensionless shape factdo

calculate weldindl.

For low-alloy HSS steel, ENL011-2 has prescribed the cooling time in a range of 26
seconds. In the case of mypiass welding, the intgrass temperature must be controlled
according to the Carbon Equivalent Value (CEV) of the steel sgpleen, 2013, pp. 44

45). On the other hand, a low intpass temperature may increase the risk of cracking and

other weld defects.

One of the key issues this thesis focuses on is the softening of the HAZ region. Various
studies have identified it as a common issue encountered with(DWJ | i a n, Fr 8§t
Kajanek, 2021, p. 2; Njock Bayock, Kah, Mvola & Layus, 2019, p. 2; Pirinen, 2013,.p. 41)
WhenHI is gradually increased, it can improve mechanical properties up to an optimum
point. However, beyond a certain point, the grain indbarsegrain heat affected zone
(CGHAZ) begins to coarsen further, which negatively impacts the hardness of the region,
leading to brittle fracture due to excessive hardness and less resistance offered to the
dislocation movement. With further increaseslinand slow cooling, the hardness drops in

the HAZ the microstructure becomes softer and more prone to failure

2.3 Steel as b8se metal

Steel is an engineered alloy containing iron, carbon, and a small percentage of various other
elements. It has enormous potential for engineering application due to its steengiight

ratio. Its mechanical properties depend on its carbon conftaet hardness of the steel
increases with the increase in the carbon content till 0.08%. When the carbon content in steel
is increased, it becomes harder at the cost of ductility and touglide&ani, 2004, pp.

305 315.) Such steel tends to form brittle martensite and lower bainite on cooling from a
higher temperaturéHattingh & Pienaar, 1998, p. 66Apart from carbon, other alloying
elements are added to enhance the mechanical properties of the steels. Alloying elements
interfere with the hardenability and weldability of the weld metal by affecting their grain
size formation and cooling timégBirinen, 2013, p. 20figure 9 shows the effect of carbon

content on various mechanical properties of steel.
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The mechanical properties of steel are influenced by changes in the phases of the iron during
heating and cooling. These phase transformations significantly affect the resulting
microstructure and, consequently, the mechanical behaviour of steel. Therefore
engineering applications, it is essential to control the phase transformations to achieve the
desired microstructure and mechanical propeffiésalekian, 2007, pp.i®). Among the
primary phased) ferrite or body centred cubi(BCC) ando austeniteor face centred

cubic (FCC), U ferrite (BCC) structure can accommodate a small amount of carbon,
making it a relatively soft phase of irgidakani, 2004, pp. 30315) Figure 10 showshe

transformation of phase at various temperatures for pure steel.
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Other alloying elements influence the mechanical properties of the steel by controlling the
Fe-C equilibrium during the phase transformation in ifdtaalekian, 2007, pp.i®).
Alloying elements other than carbon include chromium (Cr), nickel (Ni), manganese (Mn),
molybdenum (Mo), aluminium (Al), silicon (Si), boron (B), nitrogen (N), titanium (Ti),
vanadium (V), and niobium (Ni§5andy, 2007)Micro-alloyed steels are referred to as those
steels whose alloying compositionkslow 1%, and such steels tend to form small HAZ
regions, making them an optimum choice for welding applicatiShskla et al., 2012, pp.
4836 4835)

Austenite stabilizer

Austenite ¢)-stabilisers stabilise the austenite phase, resulting in coarsening of the
microstructure before transformation. These alloys expand the austenization range such that
they can suppress tHBCC transformation even at room temperature when added in
sufficient amounts to iron. By delaying the transformation of austenite, they promote the
hardenability. Common austenite stabilising alloying elements are Ni, Mn, Co, Pt, C, N, Cu,

Zn, and AuThey are categorised as type 1 and type 2 alloying elements, as shown in Figures
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11 a and b. Ni, Mn, and Co are type 1, they stabilise the austenite without forming a
compound in subsequent processes and enhance toughness and ductility. While C, N, Cu,
Zn, and Au are type 2 austenite stabilisers which form compounds in steel. Fesv of th
common compounds involve carbide, nitride, or intermetallic compounds, which tend to
alter the mechanical properties by influencing precipitation behaviour and microstructural

refinement. (Maalekian, 2007, pp.i®.)
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Figurell Fe-C diagram with different types of alloying eleme(i#aalekian, 2007, p. 5)

Ferrite stabilizer

Ferrite stabilisers promote the formation of ferrite by restricting austenite grain growth.
These alloying elements tend to narrow down the austenite region and promote the ferrite
formation. When a sufficient amount is present, they can also facilitategity between

high temperature ferrite and low temperature ferrite. Such alloying elements are Si, Al, Ti,
V, Mo, Cr, B, Ta, Zr, and NbThey are categorised as type 3 and type 4 alloying elements,
as shown in Figures 11 c and d. Si, Al, Be, P, Ti, V¢, Bhd Cr are type 3; they stabilise the
ferrite without forming a compound, while B, Ta, Zr, and Nb are type 4; they stabilise the

ferrite but form a compoundMaalekian, 2007, pp.i8.)
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Carbonitrideformer

Elements like Ti, V, Mo, and Cr are strong carbonitride formers. Their affinity towards C
and N gives stablearbide, nitride or carbonitrides. During the thermomechanical process
and welding, they influence the microstructure and mechanical properties. Typically, they
restrict the austenite grain growth by stabilising the recrystallisation and promoting the fine
grain formation. This effect is known as the pinning effect, where carbide, nitride or
carbonitrides precipitate at the grain boundary and prevent the phase growth or pin the phase
in one place. This leads to dislocation strengthening and precipitatideninay They

stabilise the recrystallisation of austenite grains. However, at low temperature ranges, they
tend to coarsen in the ferrite matrix by coalescence. The coarsened structure creates localised
stress on the ferrite and negatively impacts the toughfizsdeester, 1997, p. 538.)

Grain refiner

Elements such as Nb and Mo are grain refirjérs, Cao, Zhang & Yu, 2024, ppi 2;

Shukla, Das, Ravi Kumar, Ghosh, Kundu & Chatterjee, 2012, p. 4886ir large atomic

size as compared to Fe tends to segregate at austenite grain boundaries, creating resistance
to the movement of the austenite boundary, which slows down its growth. This phenomenon
is called the solute drag effedthis effect is common in steel containing alloying elements
such as Ni, Mo, Nb, and @Hillert & Sundman, 1976, pp. 78143.) Carbonitride of Nb
increases the austenite recrystallisation temperature. It precipitates and limits the austenite
grain growth in HAZ and reduces hardenability but improves weldal{ifiyinen, 2013, p.
23.)However, Nb negatively impacts the weld metal and HAZ toughness atlhi§turing

slow cooling rates, Nb precipitates and grows, leading to coarse grains which contribute to
embrittlement of HAZ due to loss of toughness duadtility (Hattingh & Pienaar, 1998, p.

661)

Impurities

Sulphur (S) and phosphorus (P) are referred to as residual elements, as they remain in small
amounts during the processing of raw iron into stE®y can easily form oxides, increasing

porosity during welding, which compromises the weld integrity. However, by maintaining a
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low level, equivalent to 0.199.3%, S improves machinability but reduces weldability while
0.01% P improves strength and corrosion resistahtieesteel (Gandy, 2007)

2.4 Processingoutes

There are several steel processing routes employed in the industrial production of the steel.
Mechanical properties such as strength, ductility, and toughness obtained from various
processing routes differ and have their respective advantages in engjreggiications.
Among the many processes, the most common routes followed in steel production are
thermomechanical processing, control cooling, quenching and temgéringand direct
guenching(Pirinen et al., 2016, p. 1.)

2.4.1 Thermemechanically processed higitrength steels

Thermomechanicalcontroled process TMCP) involves the controlled mechanical
processing of steel, such as rolling., TMR), at elevated temperatutgpically at or above

Acs, followed by a controlled cooling process. It can be integrated into the manufacturing
process to enhance mechanical properties, such as strength and ductility, as well as improve
weldability, thereby making it an economically advantageous steel prodyntimess
(lgwemezie, Mehmanparast & Brennan, 2020, p. 24M&chanical strength is usually
achieved through controlled alloying elements, however, TMCP is based on tHeckthll
relation, in which the yield strength of the steel depends on the microstructure feature,
especially grain size and it increases as ggai@ decreases. TMCP is a more desirable and
effective manufacturing process for H$8umphreys, Prangnell, & Priestner, 2001, p. 15.)

For larger thicknesses, a combination of processes, assisted by alloying elements during

TMCP, is employed to achieve the desired propetiesfmann & Donnay, 2004, p. 3)

During TMCP, steel is heated to a higher temperature range aegvét this higher
temperature range, austenite becomes malldablecomes convenient to control the rolling
process to achieve the desired mechanical properties in the steel. The main objective of the
mechanical processing is to obtain a significant amount of deformed austenite by limiting
the complete rerystallizaton. In other words, it is to control austenite grain growth in order

to refine.(De Meester, 1997, p. 537 he presence of Nalloying content benefits the grain
refinement procesDe Meester, 1997, p. 538; Shukla et al., 2012, p. 483% process
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takes place between the start rolling temperature (SRT) and finish rolling temperature (FRT)
(Zhao & Jiang, 2018, pp. 2RZ229). The microstructure of the final TMR steel depends on

the FRT and &ontent of the stedShukla et al., 2012, pp. 483845) Figure 12 shows
TMCP with different cooling processes.
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Figurel2. Processing route for processing controlielied andaccelerated cooled

(TMCP) steel(De Meester, 1997, p. 539)

Controlled cooling follows the control rolling. It can be accelerated cooling, air cooling,
water cooling, or selfempering. The final desired microstructure of the steel depends on the
cooling process. Carbonitride formers such as Nb, V, and Ti stathiézecrystallization of
austenite and control grain growfBandyopadhyay, Ghosh, Kundu & Chatterjee, 2011, p.
2750; De Meester, 1997, p. 538)fine grain microstructure strengthens steel by increasing
the number of grain boundaries, which offer resistance to dislocation movement under an
applied deforming load. Fine grains of carbonitride precipitation facilitate the precipitation
hardening ad thus increase the hardned3e Meester, 1997, p. 538This combination
results in the improved mechanical properties.

The formation of microstructure and resulting mechanical properties depends on the cooling
strategies employed during steel production. Various approaches have been tested in

production facilities to meet their requirements. Some examples include Ontiekefated
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Cooling (OLAC) by Ni ppon K@k aand deeleratadrcookng by Nippon Steel
(Hoffmann & Donnay, 2004, p. 4)Controlled accelerated cooling results in a martensitic
microstructure or a combination of martensitic and bainitic microstrucBaeslyopadhyay

et al. (2011, p. 2742eported that aicooling produced a combination of granular bainite
and bainitic ferrite microstructures with indath and intraath precipitation of (Ti, Nb) CN
particles, while watequenching resulted in a lath martensitic structure with similar
precipitation. The hard and brittle microstructure formed during quenching can be self
tempered, giving the steel a unique microstruc{ide Meester, 1997, p. 539uring
guenching of micralloyed steel, (Ti, Nb)CN precipitates between two lath structures or
within the laths and can negatively affect toughr{iBssidyopadhyay et al., 2011, p. 2751)

2.4.2 Quenchingandtempering (QT)

In the QT process, the hotlled steel is reheated to the austenite stop temper@ege

Then itis suddenly cooled or quenched to a lower temperature in an air, water or oil medium.
Austeniterecrystallization at high temperature depends on the composition of the steel and
the rolling pass schedule temperature prior to quenching. The rapid cooling results in the
formation of martensitic and bainitic microstructures, making steel much hardbritiled
increasing internal strese Meester, 1997, p. 53RN intermediate tempering process is
used which improves mechanical properties like toughness and ductility by reducing residual
stresses. Various studies on QT processes have been conérited. et al. (2016, p. 2)
indicated that the hardness of the QT ste¢he coarse graillAZ may exceed that of the
parent metal for high carbon content upon quenching due to the formation of martensitic or
bainitic or a mixture of both. The formation sdichbrittle microstructuresdepends on the

peak temperaturéhat the zoneeachesand its cooling rateand results in low impact
toughnessA reduction in toughness and mechanical properties of weld joint due to hard and
brittle microstructure in QT steels was confirmedynen et al. (2015, p. 305)n another

study, Amraei et al. (2019, pp.i®) reporteddrop in hardnesm coarse grain HAZ of QT
steeluponhigh HI. Overall QT steels are sensitive to Hle., peak temperature, cooling

rate and carbon content.
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2.4.3 Direct quenching (DQ)

In the DQ process, hablled steel is heated above the austenite range and rapidly cooled,
preferably by water. DQ steel can contain a microstructure of martensite or bainite or a
mixture of both, depending on the cooling rate. This process resultshitdigness, high
strength, and a high dislocation density in the microstructure. It is the latest technique in
steel manufacturing among the three discussed process routes in this study. Their
experimental research is limited. However, reports available@rsteel suggest that they

tend to lose hardness after welding primarily due to a change in microstructure upon thermal
cycle (Pirinen, 2013, p. 153)For instancea report by Amraei et al. (2019, pp.i8)
compared the impact @il in steels produced through different processing routes (QT &
DQ). It revealed that for a similddl, DQ steels experienced the highest reduction in
hardness compared to QT steels during welding. It was also recorded that the elongation at
the fracture point (total elongation) for DQ steel was slightly above half of the elongation of
the QT steels.

2.5 Weldability of high strength steels

Weldability is the ability of materials to be welded without any error and defects. A good
weldability results in higlguality weld joints which are strong and dura®éhami, 2018,

p. 17; Gandy, 2007Budkin (2011, pp. 52%25)compared weldability to solubility in both

liquid and solid states; materials with good solubility in both phases are considered to have
good weldability. ISO/TR 581 (2005) defines weldability in terms of metallurgical
weldability, constructional weldability, and operative weldability. These aspects evaluate

the material properties, desigelated factors, and production conditions, respectively.

Weldability-related issues, such as cold cracking inHA& or weld metal, hot cracking,
reduced toughness, loss of ductility, decreased strength, and HAZ softening, are more
common in higkstrength steels (HS$\fkhami et al., 2019, pp. 888; Bratz et al., 2023,

pp. 27912802) These challenges arise due to the chemical composition, microstructure
evolution, and heat treatment processes in the manufacturing. Based on tRetétall
relationship, TMCP steels offer the best solution for weldability related issues by offering

better strength and weldability resulting from the grain refinement of austenite prior to
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transformation. Grain refiners such as Ti, Nb, and V are used, which restrained the growth
of austenite before their transformation to the lower temperature phase. TMCP steels are a
better choice for critical applications, for example, in oil and gas ipgsl offshore

structures, and higperformance infrastructur@e Meester, 1997, p. 550.)

The presence of high carbon content poses threats to the weldability of tHAlstestan

& Bashiru, 2021, p. 783; Shukla et al., 2012, p. 48%8hen the total carbon content of the

steel exceeds 0.8%, the steel becomes hypereutectoid, which contains pearlite and cementite
microstructure. Cementite is hard and brittle. The proportion of cementite increases with the
increasing carbon content, whighimately increases the risk of weldinglated issues such

as cold cracking and hot cracking during welding. On the contrary, when the carbon content
is lower than 0.8%, the steel becomes hypoeutectoid steel, consisting of a pearlite and ferrite
microstructure. Both the microstructures are soft and ductile, reducing the risk of welding
related issues. Steel with exactly 0.8% carbon is considered eutectoid steel with a balanced
microstructure with better weldabilitfKakani, 2004, pp. 305308.)

In addition, alloying elements such as Mn, Ni, Cr, Mo, and carbonitride formers (Ti, Nb,
Mo) also play an important role in weldability by influencing austenite decomposition and
controlling grain growti(Gandy, 2007)Austenite stabilizer such as Mn and Ni stabilizes
austenite, which grows during slow cooling, increasing excessive hardenability and risking
brittle fracture (Maurya et al., 2021, p. 3; Pirinen, 2013, p..28jmilarly, excessive
composition of Nb reduces the HAZ toughness. The precipitation of carbide, nitride and
carbonitride makes weld joints hard and brittle, which are prone to cracking. Steels contain
impurities such as phosphorus and sulphur during fiveitessing. They form the brittle
compounds like phosphide and sulphide, which can negatively impact the microstructure.
(Gandy, 2007Additionally, the presence of certain elements like Cu has been found to have
an impact in weldability, for example, in 310 SS weld m@taiffakh et al., 2009, p. 3633)
Therefore, one of the measures to improve the weldability of steels is to control the
constituent of alloying compositig\fkhami, 2018, p. 17)

The amount of alloyed element can be converted into the carbon equivalent values (CEV) to
study the weldabilitfAfkhami, 2018, p. 27)
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Analytical calculation of CEV as per the International Institute of Welding (IIVEpgimation
5. For HSScarbon equivalent temperatu@ET) can also be used as givenHnuation 6.

All measurementarebased on the percentage by weight.

CEV can be used in cases of hardenability and susceptibility related to hydrdgeed
cracking, especially when steel contains other alloying elements besides carbon. The
combined effect of alloying elements in the steel regulates its tendency to fotangite

during cooling, as well as its potential for brittle fracture. Martensite is associated with the
increasing hardness in the steel, which risks brittleness and increases susceptibility to

hydrogerinduced cracking by trapping atomic hydrogen friv@ welding environment.

Generally, steels with a CEV in the range of 0 to 0.45 are considered to possess good
weldability. Table 1 suggests the requirement of preheating based on calculated CEV.

Tablel. Range of CEV for weldability and preheating of s{@¢hassan & Bashiru,

2021, p. 784)
Carbon equivalent (CEV) Weldability Preheating
Up to 0.35 Excellent Not Necessary
0.36- 0.40 Very good Recommended
0.41-0.45 Good Necessary
0.46- 0.50 Fair Necessary
0.51andover Poor Necessary

In a weld joint, the HAZ region is more susceptible to cracking due to deteriorated toughness
and loss of ductility and softening due to inappropriate or repeated thermal(éfkhemi,

2018, p. 17; Shi & Han, 2008, p. 38aking it the most critical region for potential joint
failure. Preheating helps to minimize such weldabiglated risk by reducing the thermal
gradient in the weld joint and lowering residual stresses. The requirement of preheating
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depends on the CEV, which is as outlined in Table 1. This helps to improve both weldability
and hardenability of the HAZ regiqdiang, Zhang & Chen, 2016, pp. 703.0)

2.5.1 Filler material for DWJ

The selection of a suitable filler material is crucial yet complicated in DWJs to control the
weldability-related issue. One needs to be careful not only the compatibility with both base
metals but also the weld's final mechanical and metallurgical ckasdicis. Thermal
characteristics of filler material influence weld bead formation and its dynamics by affecting
heat distribution and solidification behaviour of different phases and microstr(Dauiel,

Babu & Vitek, 2003, pp. 14L5). Issues such as unmixed zones, undesirable phase formation,
carbon migration and microstructurdiomogeneities are directly associated with the type

of filler material selected.

Filler materials may be categorised as undermatching or overmatching, depending on their
mechanical compatibility with the base materials. Undermatching filler material can be used
in the case of HSS, which helps overcome weldahiétgted issues by reding stress in

the weldment, controlling hardness and improving ductility. Accordifrinen (2013, pp.

39i 40), the ductility of a weld in HSS with undermatching filler can be less than that of the

base material, leading to premature yielding and failure of the weld joint.

The filler materials must account for the required strength and ductility of the final weld,
particularly with the increase in the strength of the base mateivala et al., 2016, p. 155)

The thermal conductivity and coefficient of thermal expansioNickel based fillerdalls

in between those dérritic and austenitic steelShus,these filler materialare prefered for

the steelThey improve weld strength, reduce thermal stress, improve corrosion resistance
of Cr-steels, and prevent weldabikltglated issues such as cold cracking and carbon
migration in Cr steg{Dak & Pandey, 2020, pp. 3i7Z06; Maurya et al., 2021, p. 3; Mvola

et al., 2016, p. 155)

2.6 Weld metal of DWJ

As weld solidification progresses, the crystalline structure forms starting from the fusion line
(FL) in multiple directions, creating grain®avid et al., 2003, p. 15; Gandy, 2007)
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Solidification growth rateR) and temperature gradier®) depend on the amount bff

during the welding process, cooling rate and thermal conductivity of the material. They are
crucial in forming weld microstructure and resulting mechanical propéAmsaei et al.,

2020, pp. 12; Hattingh & Pienaar, 1998, pp. 6@7.) Welds solidify through epitaxial
growth at theFL, where partially melted grains act as sites for further grain development.
Grain size depends on the cooling rate. Typically, smaller grains are formed on rapid cooling
and larger grains are formed in slow cooling. Grain size and orientation also iefluenc
residual stress development and the mechanical performance of ti{Piiat et al., 2003,

pp. 17 18).

During solidification, weld metal undergoes phase changes, which involve different
solubilities of alloying element@Gandy, 2007; Kakani, 2004, pp. 3@®8). Just below
critical temperaturéAc1), austenite with a carbon solubility of 2% decomposes into ferrite,
pearlite, bainite, cementite or martensite, or a mixture of different phases, and a metastable
state, influenced by the cooling rate and the chemical composition of the weld Jizetl

al., 2017; Shukla et al., 2012, p. 483f) normal cooling conditions, it decomposes into
ferrite, a soft and ductile iron phase with carbon solubility limited to 0.2%, releasahons

in the ferritematrix. These carbon atoms bond with iron to form cementite, a hard and brittle
metastable compour{®hukla et al., 2012, p. 483¥Yhen the composition of cementite and
ferrite in iron reaches 13% and 87%, respectively, alternating layers (lamellae) appear,
known as pearlitgqKakani, 2004, p. 303)Bainite, a comparatively hard and brittle
microstructure, forms when the cooling rate is higher than that required for pearlite but not
as high as that required for the martensite formation. It foetwseen pearlite and martensite
transformation temperature drelow 30°C (Gandy, 2007; Kakani, 2004, p. 303)
Martensite, a bodgentral tetragonal (BCT) hard and brittle microstructure, forms when
austenite is cooled rapidly, preventing sufficient diffusion edt@ns to form cementite
(Pirinen et al., 2015, pp. 30305) The presence of stabilisers tends to shift the
transformation temperature and suppress other phd4aslekian, 2007, pp.i®).

Microstructure development in DWJ is more complicated, influenced by various factors such
as welding processes, thermal cycles, material composition of filler material, base metal, and
shielding gas, weld geometry, and weld bead formgavid et al., 2003, pp. 120; Shi

& Han, 2008, p. 31; Szusta et al., 2023, plt§)weld metal composition is not uniform, but

rather it is a mixture of the base metals and the filler metal, which consists of different
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material properties. Therefore, it exhibits complex microstructural features, including
varying hardness, soft regions, unmixed zones, precipitation of carbonitrides, elemental
segregation, and carbon migration. Consequently, this resulted in varying nicatha
properties across the weldmeijock Bayock, 2020, pp. 181). Such compositional
variations increase susceptibility to solidification and liquation cracking in the fusion zone
due to the mismatch in metallurgical behaviour and thermal expanfibortezaie &
Shamanian, 2014, p. 37 is important to choose filler material that is compatible with the
selected BM and bridges their thermal and microstructural properties in order to minimize

spatial variation and ensure uniform mechanical performance of the joint.

Welding parameters such as arc voltage, current and welding speed goudinHhand
cooling rate are inversely related in the welding process. Coarse grain, brittleness and
softening in the HAZ region, incomplete penetration, spatter and incompletely filled grooves
are common consequences of an improper thermal cycle, creatingtmiciursl distortion,
residual stresses, and a potential site for crack initiation. Therefore, proper selection of
welding parameters is equally important along with sedaatif filler material in GMAW

(David et al., 2003, p. 14; Shi & Han, 2008, p. 31; Szusta et al., 2023, p. 4)

2.7 Heat affectec¢one (HAZ)

The HAZ, a narrow region in the base metal next to the weld, experiences high temperatures
that alter its microstructure without melti@@hi & Han, 2008, p. 31'he microstructure of

the HAZ is difficult to predict because different regions of the base material near the weld
experience varying peak temperatures, which are critical in determining the mechanical
properties of those regions. The complication in t#& Hrises from the different heating

and cooling cycleéPirinen et al., 2016, ppi 4). Welding of HSS is particularly susceptible

to failure in the HAZ due to cold cracking, lower fracture toughness, and loss of ductility
(Amraei et al., 2019, p. 1)n addition, softening of the HAZ region is one of the leading
problems in association with DWAlIbert et al., 1997, p. 135; Dak & Pandey, 2020, p. 385;
Farabi et al., 2011)

The cooling rate depends on th# of the welding process. Different regions in HAZ
experience varying peak temperatures and cooling rates, resulting in different

microstructures Therefore, he HAZ region is divided into four areas, namely, coarse
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grained HAZ (CGHAZ), finegrained HAZ (FGHAZ), intecritical HAZ (IC-HAZ), and
subcritical HAZ (SGHAZ). (Amraei et al., 2020, p. 2.Different regions of HAZ are

depicted in Figure 13.

Coarsegrained HAZ (CGHAZ)

Coarse grain HAZ experiences temperatures ab®ge where carbide dissolves and

austenite grains transform into martensite or bainite depending on the cooli(®y&tzect
al., 2023, p. 2796; Pirinen et al., 2016, p.W)e yielding can risk the cold cracking in HSS

due to increased hardness and residual stress. So, the optimum HI has been suggested to

maintain CGHAZ narrow and free of coarse gr@irinen, 2013, pp. 12935) Formation

- . .
of soft U0 ferrite patches in the CGHAZ has
joint (Dak & Pandey, 2020, p. 389)
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Fine-grained HAZ (FGHAZ)

The temperature of fingrain HAZ is slightly abové\cs, where it experiences a complete
phase transformation and dissolution of carbide precipitttewever, compared to the
CGHAZ, the FGHAZ experiences a lower peak temperature, leading to the distribution of
the finegrain microstructure with better toughness and ductility. The improved toughness
and ductility increase the resistance to the dislogatiotion, thus enhancing the fracture
resistance as compared to the CGHAZ. However, it decreases as@dnoghaat of the BM

due to thermal cycle¢Bratz et al., 2023, p. 2796.)

Inter-critical HAZ (ICHAZ)

The ICHAZ region is exposed to the temperature betw&enand Acz so it experiences
partial transformation of austenit@ratz et al., 2023, p. 2796)The change in the
microstructural and mechanical properties is minimal in the ICHAZ. Reports have shown
the formation of both soft and hard microstructures in ICHAZ in differenb@ent of the

base material taken in the stu@ak & Pandey, 2020, p. 399; Pirinen et al., 2015, ppi 301
305). This suggests that the microstructure of ICHAZ is also influenced@ynt&nt. They
resemble intermediate to fine grain and BM.

Subcritical HAZ (SCHAZ)

The SCHAZ region is exposed to the temperature justow Aci. This regionundergoes
tempeing at this temperature rangehey slightly vary in appearance with tlgHAZ and
resemble the base materi@ratz et al., 2023, [2796.)

2.8 Fracturebehaviourof dissimilar welds

Dissimilar weld joints (DWJs) often face issues such as hardness variation, carbon
migration, softening of the heaffected zone (HAZ), unmixed regions, intermetallic
compounds (IMCs), and carbonitride precipitatiearabi et al., 2011, pp. 98289; Njock
Bayock, F. et al., 2019, ppi 20; Sadeghian, Shamanian & Shafyei, 2014, ppi &F8)

These challenges are particularly common in HSS and influence fracture behatwictr
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reduce the service life of the structure even under small defotoadg(Rathod et al., 2015,
p. 259)

Alloying composition of filler material and higHl promote microstructure inhomogeneity

in DWJ. Inappropriate filler material leads to a low yield strength ratio (YSR) betwaldn

metal WM) and BM, making WM the weakest part in the weld. Plastic strain concentrates
in it and increases the risk of fracture from the w@athod et al., 2015, p. 263)he
composition of the weld or the combination of base metals with filler metals can result in
the formation of brittle phases like delta ferrite, laves phase, sigma phase, IMCs, and
carbonitride precipitation, significantly contributing to fractures. €hmittle phases, along

with grain coarsening, lead to a hard and brittle microstru¢Alleert et al., 1997, p. 142,

Dak & Pandey, 2020, p. 384; Kah et al., 2014, p. 2Bfij)tle microstructure often causes
brittle failure. But some studies report that void formation near hard phases like carbides
tends to allow plasticity prior to final failure, resulting in ductile fail(@elik & Alsaran,

1999, p. 316)

Fracture behaviour is affected by the thermal cycle. A thermal cycle results in residual stress,
improper distribution of microstructure, rapid cooling resulting in a brittle microstructure
and many other issues. Welding parameters such as voltage, cangénwelding speed,
along with weld geometry, can be used in controlling and monitétirend thermal cycle
during the welding process and therefore influence fracture behaflitantezaie &
Shamanian, 2014, p. 3&Jigh HI can lead to retention of heat, and a slow cooling rate can
cause coarse grains and a soft microstructure. Similarly, Hbwcauses incomplete
penetration, lack of fusion and rapid cooling, yielding a brittle microstructure. These
microstructures fail without prior plasticity, shortening the strained region in the-strass
curve. Additionally, improper weld groove desigancact as a heat trap and affect bead
formation and flow of weld molten. It can generate residual stress, which is rebsased

microcracks.

Surface roughness and defects act as fracture sites and reduce the reliability of weld joints
due to stress concentration where localised strains are developed during solidification
(Baghel, 2022, p. 11)These strains channel themselves into weak regions in the weld,
causing defects. Therefore, weld joints with defects such as porosity, lack of fusion, and
cracks are susceptible to fracture failgRathod et al., 2015, p. 26&)Jowever, not all

defects reduce structural integrity. The presence of a delamination crack at the transition
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region in dualphase steel containing soft ferrite (PF) and hard MA constituents has been
reported to improve the toughness by lowering (Deictile-Brittle Transformation
TemperatureDBTT and prevent fracture failufdia, Zhou, Jia, & Wang, 2017, p. 685)

Residual stresses contribute to the fracture failure in welded joints. They primarily arise due
to nonuniform thermal cycles during welding, especially resulting from volumetric changes
associated with solidification and phase transformation. The diffédremmal characteristics

of the constituent material in the weld, such as thermal conductivity, expansion coefficients,
and transformation temperatures, influence their development. In dissimilar weld joints
(DWJs), the resulting inhomogeneity of the rogructure will further exacerbate their
development and lead to uneven distribution, which can cause premature failure due to
microcracks and stress corrosion crafkak & Pandey (2020, p. 40tpserved that residual

stress promotes brittle fracture at high temperatures.

Jia et al. (2017, pp. 68696) studied the impact toughness of the thermomechanically
processed high strength mieatioyed steel. They found that grain refinement significantly
lowers the DBTT, improving the fracture behaviour in lower temperatures. It has been
reported that the formian of voids, which absorb the impact energy and coalesce before
fracture, lets plastic deformation occur before final failure. However, the same study
revealed that the presence of martenaitstenite (MA) constituents adversely affects
toughness. MA contains a brittle microstructure that becomes a site for fracture initiation.

In such microstructures, the fracture behaviour directly correlates with the load applied.

Among all regions in the weld joint, HAZ is most vulnerable to fracture due to grain
coarsening in CGHAZ during welding. Grain size in CGHAZ is larger due to high heat near
WM and offers less resistance to dislocation movement. Resistance to dislocation is
inversely related to grain size as given by the HRatch relation or grain boundary
strengthening. Therefore, the fine grains, or smaller grain size, have better toughness, and
they result in more grain boundaries to resist dislocation movement ini¢hestructure.
However, a harder and brittle microstructure leads to the loss of ductility and toughness. The
material lacks the ability to absorb the deforming energy can increase the possibilities of
crack initiation and propagation atehd toundergo brittle fracture without any plasticity
(Peltoniemi, 2016, p. 27frigure 14 shows a typical fracture in DWJ referenced from a study
by Di et al. (2017, p. 1567)
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©
DP730)

Figurel4. A typical morphology of fracture behaviour of DWJ between DPBBA80.
Fracture occurring in lower strength steel ie DP780, reason being the localized softening
zone (7.6%)andlower strength of DP780 despite high softening (2.7%) in higher strength
(Di et al., 2017, p. 1567.)

Another factor leading to the fracture failure is the formation of a soft and hard zone in DWJ.
A study in DWJ byAlbert et al. (1997, pp. 13336)revealed that the interfaces between
soft and hard zones are highly prone to fracture due to strain shifting under ambient
conditions. Strain develops in the soft zone during cooling, accumulates, and redistributes.
But the hard zones restrain the straistrtbution, redirecting it toward the BM. This is
because the high hardness of WM is high compared to BM. Thus, cracks initiate at the soft
zone and BM interface. At high temperatures, however, the soft zone may fail earlier due to

reduced creep resistaand strain hardening effects.

2.9 Fatiguefailure of dissimilar welds

Fatigue failure in welded joints occurs when the joint is subjected to cyclic or fluctuating
loads. Due to the repeated loading and unloading or change in the direction of loading, the
welded structure develops microscopic cracks at the stoeg®ntratedegions such as weld

toes and defects. These cracks gradually propagate and grow until ultimate catastrophic
failure. Failure can occur even if the applied load in the welded structure is much less than
its threshold capacity. Therefore, fatigue failuseone of the most important topics of

discussion in welded structures.
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2.9.1 Phase ofatiguefailure

The overall process of fatigue failure is divided into three stagesyare cracknitiation,

crack propagation, and catastrophic fail(Beardman, 1990, p. 67.3)

Crackinitiation

Crack initiation marked the initial phase of the fatigue failure with the nucleation of
microcracks at the stresencentrated region. This phasepiminently influenced by
welding inherent features such as microstructural inhomogeneities, residual stresses,
geometric discontinuities and defefitiavia, Ahola, Kozlova, Baumgartner, & Bjork, 2025,

pp. I 14; Ninh & Wahab, 1995, p. 582; Singh, Singh, Singh, & Mahajan, 2020, Pp. 6
Skriko, 2018, p. 19)They promote stressoncentrated regions which tend to deform by
localized plasticity during repeated loading, resulting in the nucleation of microcracks. The
crack nucleation takes a significant portion of the fatigue life depending upon the applied

load condition and the weld quality.

Crackpropagation

Once the joints develop microcracks, the further repeated load cycle leads to their
propagation, which can be limited by controlling stress. Earlier, only the Stress Intensity
Factor (SIF) (qK) was considered as the crack tip driving force. But discrepancies in
estimating crack closure effects using thmerican Society for Testing and Materials
(ASTM) standard, plasticity near the crack tip, small and irregular surfaces affecting the
stress field, the influence of maximum stress intergKigy, yafter crack arrest, and the need

for K,,, 5 f0 exceed thegK threshold for growth led to traevelopment obnified Approach

which uses botlK,, ; \andgK as crack driving forcegSadananda & Vasudevan, 2003, p.
899.)

The cracks may change their direction, deviate along a longer path, branch out upon
encountering a harder microstructure, or close due to unbroken bridges or rough faces behind
the crack tip, thereby reducing the crack tip opening and hence retardingdkeymwth

(lgwemezie et al., 2019, p. 566Additionally, it can also start from a new region in the
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microstructure and follow the least resistance path for grolwta crack rate slows down
upon reaching the stable crack growstiage(Li, Ye, Du, Zhan, Wang, Dai, Liu,Wang,
Yang& He, 2025)

Catastrophidailure

Catastrophic failure is the final phase of the fatigue failure. Unlike crack initiation and
propagation, it is a sudden process and typically occurs when the applied load increases or a
critical crack length(a) is reached. The crack growth rate accelerates rapidly, a transition
from stable crack growth to unstable crack growth, causing instantaneous catastrophic
failure. (Miller, 1982, pp. 22B232.)

2.9.2 Materialfatigue

Fatigue behaviour in welded joints is strongly influenced by both material and welding
related factor§ Fugt ar, Lukal evi | i2kMaberajretated fackors ar@ 0 1 8 ,
categorized as all intrinsic properties that contribute to the material fatigue. These properties
include microstructures, grain size, hardness, strength, toughness, material ductility and its
surface condition or surface f&h. Fatigue strength is among the material properties which
play a cruci al role in materi al fatigue.
initiation and propagation under cyclic or fluctuating load and is expressed as the maximum
stress amigude that the material can endure for a specific number of cycles without failure
(Xin, 2011, pp113 202). The location of crack initiation and the nature of their propagation

in the material are determined by the microstructure and its mechanical properties
(lgwemezie et al., 2019; Lipidinen, Ahola, Skriko & Bjork, 2021, pi2)1

Influence of microstructural features

During solidification, microstructural distribution can have cracks. Short cracks (equivalent

to grain size or less than 1 mm in size) propagate faster than long cracks under the same SIF.
Their behaviour is influenced by microstructure and cannot begbeedby Paris' Law

These cracks are formed during the solidification or cooling process. In contrast, long cracks
(greater than 1 mm) follow a predictabl e j
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in Figure 15. Their propagation is influenced by microstructural features like grain
boundaries, precipitates, inclusions, and phase boundaries. They can accelerate or slow down
the growth rate even ap Kvalues lower thami; ,Paris' law gives the relation between

crack growth (a) with SHrange (SIF) in the material subjected to cyclic load{Bingh, R.

et al., 2020, p. 2)
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Figurel5. Short, and long fatigue crack propagation in a polycrystalline ma¢8irajh,
R. et al., 2020, pp.iR).

Equation 7 can predict the crack growth raiékile crack propagation is primarily governed
by SIF and crack growth parameters, microstructural features were reported to influence
fatigue behaviouflgwemezie et al., 2019; Li et al., 2025; Singh, R. et al., 2020; Xu et al.,
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2012, pp. 110115) Microstructural features such as grain angle, grain size, grain
boundaries, slip bands, packet boundaries, block boundaries, prior austenite grain boundaries
(PAGBSs), and brittle phases influence the crack initiation and crack propagation at the early
stage, primarily for the short crack, particularly in the Paris region ofitiieN vs. o Kcurve.
High-angle grain boundaries and PAGBs are reported to resist crack propagation and
improve resistance to dislocation moti@ingh, R. et al., 2020, ppi 2.). Crack propagation

may occur in tranpacket mode, flowing short paths (faster) or along grain boundaries

through long routes (slower).

Influence ofmechanicabroperties

Mechanical properties of the material, such as hardness, tensile strength, ductility, and
surface finish, affect the material fatigue behavigBmardman, 1990, pp. 6V888; Roessle

& Fatemi, 2000)Hardness is one of the important material properties which helps to predict

a material 6s fatigue behalwoydefatigueldCF)hanel ps |
high cycle fatigueHICF). High hardness promotes the resistance to crack initiation. It helps
to promote high cycle fatigue by increasing fatigue life for low stress amplitude. Ductility
improves material resistance to crack initiation and propagation, allowing plastic
deformation and increasing toughness. Due to its speedy computatigiietsinengths are

often used to predict fatigue limits in construction and engineering. Fatigue limits are usually
taken as half of the tensile strength for the initial guess but do not present the correct material
behaviour(Roessle & Fatemi, 2000Poor surface finish offers initial sites for the crack
initiation or nucleation. It reduces the fatigue life significantly. For engineering applications,

materials with proper surface finishes are preferred.

2.9.3 Fatigue of weldments

Fatigue of a weld joint is primarily governed by weldimsjated phenomena such as residual
stress, the presence of defects, the presence of stress concentrators, geometric irregularities,
loading conditions or their type, the heat treatment process bppahiction process, and
environmental factors such as temperature, pressure or corrosive envirofigvegitsezie

et al., 2021)In addition to thatcrack growth parameters suchcg§ andK,, ; influence the

crack growth(Sadananda & Vasudevan, 2003899).
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Influence ofgK, andK,, 5 x

The concept behind the Unified Approach is demonstrated in Figure Sadgnanda &
Vasudevan (2003, pp. 89%00). A 2D plot is used to describe an inherently 3D fatigue crack
growth rate phenomenon. The plot shows how the crack tip driving épfcand K, 5 «
determine the crack propagation. Figure 16a shows an increasing crack growth rate trajectory
with the increase in the crack limiting values (minimum values required for specific crack
growth) gK *andK,, % for any crack growth rate between threshold value and overload.
This results in two threshold values rather than one factor as estimated by the ASTM
standard at the threshold level of crack growth. While Figure 16b shows the trajectory path
equivalent todsJor gK *= andK,, 5 * for a pure fatigue mode, which is a relevant case for
high cycle fatigue cases. It also shows gt is more relevant in determining the trajectory

map for timedependent fatigue cases.
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Figurel6. Crack growth rates in terms of two cratg driving forces(Sadananda &
Vasudevan, 2003, p. 899)

Influence of load ratio

Sadananda & Vasudevan (2003, p. 98¢d light on the load ratio affecting the fatigue
behaviour. Typically, load ratio affects crack closure mechanisms, mean stress effects, and
consequently the rate at which fatigue cracks propagate. The unified approach indicates that
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it dominates at lowoad ratioand ¢p Kat highload ratio Crack propagation is a gradual
process and is governed by tbading condition. It mainly occurs at stress intensity levels
above the fatigue threshold, with a significant portion of fatigue life spent near the fatigue

threshold level.

Influence of residual stress

Welding processes such as GMAW induce residual stresses due-tmifaom thermal
cycles, which significantly influence the fatigue performance of a welded joint. The
restriction in expansion or contraction between hotter and coolers surfaces in ti@neld
like between the HAZ and weld pool at thke or in between the HAZ and BM, develops
the residual stresses. Therefore, a weld joint always remains irstrgssed state, which
can facilitate crack initiation, and consequently, the fatigue cracloagierate under the
influence of prestress(Xu, Feng, Song & Wang, 2012, pp. 1105.)

Influence of microstructure inhomogeneity

Microstructure inhomogeneity in the case of DWJs results in the soft and hard regions next
to one another, which affect the fatigue performance of the welded joint. The interfaces are
the primary preferential crack initiation site due to differences idrtees and strength under
cyclic loading aided by locdLiu, Tian, Zhang, Zhang & Zhang, 2017, p. 239pwever,
presences of soft phase, such as ferrites, can improve the fatigue behaviour of hard
microstructures like martensite or bainite by balancing the strength and ductility.
Furthermore, presence of retained auste(f®8) can retard the crack propagation by
absorbing the energy, delaying the crack initiation and propagation, and increasing fatigue
life (Song, Wang, Sun, Wei, Yu, Chen, Wang & Lu, 2020, p.Cbarsegrained HAZ
regions and b rferite dceelergied dasgeesfailurei df welded joints by
influencing crack initiation and propagation due to low fatigue toughfidssnan &
Valsan, 2006, p. 160)
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Influence ofdefects

The presence of defects such as undercuts, porosity, and notches highly risks the welded
structure by creating stressncentrated region in t{@diban & Ramu, 2018pp. 17114

17124) Defects are unavoidable in the welding process and serve as sites for fatigue crack
initiation, which grows and eventually leads to catastrophic failure. Upon repeated loading
conditions, they trigger the fatigue failure by facilitating the formation ofmeracks, which
gradually grow and propagate until final failure. Their severity depends upon the direction
and magnitude of the applied loading. Surface defects such as undercuts er stress
concentrated regions in the weld toe can accelerate cracitionitiand propagation upon
tensile loading. Welding standards are used in order to accept defects for the engineering
application and also to help estimate the fatigue life.

Influence of environmental factors

Environmental factors such as temperature, moisture, hydrogen, and pressure can lead to
thermal ageing, dynamic strain ageing (DSA), oxidation, corrosion and creep, which can
affect fatigue behavioyMannan & Valsan, 2006, p. 166; Sadananda & Vasudevan, 2003,

p. 904) Lower temperatures improve fatigue resistance by increasing material hardness
affecting dislocation activation ener@ung, Kwon, Woo, Kim, Goto & Kim, 2014, p. 659)
However, lower temperature can also cause embrittlement. While higher temperature tends
to soften the material and decrease fatigue resistance. In addition,-teigiperature
operation shall increase the fatigue failure due to creep or oxidaieed pocesses. DSA,

a condition where alloying elements interact with moving dislocations during deformation
and hold and suddenly release stress or serrated yielding, can lead to work hardening and

reduce fatigue life, mainly due to embrittlement and reddcetility.

Overall, fatigue behaviour in welded joints is governed by various factors, including
microstructural characteristics, weldiwrmgluced residual stresses, material properties, and
environmental influences. Material properties change accordingly. Thusigntorimprove

the welding, precautions must be taken during planning and executing the welding process.
Further postveld treatments can be employed to further improve fatigue performance. Such
processes involve stresslieving processes using shot pegnor grinding, postveld heat
treatments, and surfa@ieish. (Boardman, 1990, p®80 688.)
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3 Experimentajprocedure

The present work consists of a study of a dissimilar welding joint (DWJ) of two steel grades,
Domex D500 MC D and Strenx S700 MC Plus, welded by robotic GMAW. It investigates
the microstructure, mechanical properties, and fracture behaviour of the waltteani

HAZ region based on experimental testing. The lab experiment began with the preparation
of a preliminary Welding Procedure Specification (WPS), followed by welding trials to
verify the WPS, then specimen preparation, welding and finally lab Test8ng involved
microhardness testingpicrostructure characterizatiarsing optical and scanning election
microscope guasistatictensile testingusing displacementontrolledloading and finally

bending testing

3.1 Material

A DWJ between two parent metals, namely, Domex D500 MC D and Strenx S700 MC Plus,
was studied for microstructure, mechanical properties, and fracture behaviour. Both steels
were categorized as HSS and manufactured by thermomechanical controlled rollRg (TM
which offers higher strength, better weldability, improved fracture toughness, ductility, and
corrosion resistance than the conventional s{@asdyopadhyay et al., 2011, p. 2742)th

the steel grades were levarbon micrealloyed steels with carbon content below 0.2%, and
total alloying elements were under 5%, resulting in a low carbon equivalent (CE). Thus, it
reduces the susceptibility to cold cracking, thereby eliminating ¢led for preheating. A
Ni-alloyed filler material was used to join these steel grades due to its good mechanical

properties and thermal stability during welding.

3.1.1 Domex 500MC D

Domex 500 MCD is a thermomechanically rolled higltrength steel supplied by SSAB.
Due to excellent coliorming properties, it isvell suited for structural applications needing
cold-forming. It has excellent weldability, with CEV and CET values of 0.3% and 0.21%,
respectively, as provided by the supplier. Its carbon content is 0.10% by weight. Thus, it is

referred to as highktrengh low-alloy (HSLA) steel with a ferritic microstructure. Its



64

mechanical properties and chemical composition are presented in Table 2 and Table 3,
respectively(SSAB, 20223

Table2. Chemicalproperties of Domex 500 MO (SSAB,2022a)

C Si Mn P S Al Nb Y Ti
[Max %] [Max %] [Max %] [Max%] [Max%] [Min%] [Max%] [Max %] [Max %]

0.10 0.21 1.60 0.025 0.010 0.015 0.09 0.20 0.15

Table3. Mechanicalproperties of Domex 500 MC [5SAB, 2022a)

Yield strength Tensile Strength Elongation  Elongation Min. Inner Bending

Thickness Re Ru Ag o A5 Radius A9Q0
[Min MPa] [MPa] [Min %] [Min %] Bend [ t]

3.01-6.00 500 550- 700 T 18 0.8

6.01-13.00 500 550- 700 i 18 1

3.1.2 S700 MCPlus

S700 MC Plus is another thermomechanically rolled sigbngth steel supplied by SSAB
suitable for coleforming applications. It is well known for its structural application with
superior formability and impact toughness. It is suitable for-lweating @plications and

for low ambient temperature regions. It has good weldability, with CEV and CET values of
0.38% and 0.24%, respectively, as provided by the supplier. It consists of martensite
dispersed in a fine bainitic microstructure, resulting in entdhmgechanical properties.
Ductility decreases as strength increases as compared to Domex 500 MC D. Its mechanical

properties and chemical composition are presented in Table 4 and Table 5, respectively.

Table4. Chemicalproperties of S700 MC PIUSSAB, 2022hb)

C Si Mn P S Nb \% Ti
[Max %] [Max %] [Max%] [Max%] [Max%] [Max%] [Max%] [Max %]

0.12 0.25 2.10 0.020 0.010 0.09 0.20 0.15
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Table5. Mechanicalproperties of S700 MC PIUSSAB, 2022h)

Yield strength Tensile Elongation Elongation ~ Min. Inner Bending
Thickness 'Y Strength 0 0 Radius A90

[Min MPa] Y [MPa] [Min %] [Min %] Bend [ {]
3.007 10.00 700 750- 950 i 13 1

3.1.3 Filler materal

ESAB OK Autorod 13.23 of 1 mm diameter wire rod was used in the welding. It is a Cu
coated solid wire. The filler metal was selected to match the strength of thegiasersteel

used in the DWJ. This filler wire has a yield strength of 550 MPa in thelked condition,
which matches the loygrade steel used in the study and is suitable for GMAW of low
temperature fingrained steels. Additionally, its use offers good impact toughness down to
50 AC. A depd54kg/h canbeachieved wittfcurrdnt of 80280 A and
voltage of 1828 V at a wire feed speed of RIA.7 m/min. The chemical compositions and
mechanical properties of the filler material are given in Table 6 and Table 7, respectively
(ESAB, 2025)

Table6. Chemicalproperties of OK Autorod 13.23 wi&SAB, 2025)

Alloy C Si Mn P S Cr Ni Mo Vv Cu
(%] (%] [%0] [%0] [%0] [%0] [%] [%] (%] (%]

Weld

Metal 0.09 0.60 1.00 0.01 0.01 0.10 0.90 0.20 0.01 0.10

Wire 0.07 0.57 1.11 0.01 0.01 0.07 0.90 0.29 0.00 0.15
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Table7. Mechanicalproperties of OK Autorod 13.2ESAB, 2025)

Yield strength Tensile Strength Elongation Charpy V at Charpy V at

Properties Re 1 Ru As-As -40°C -50°C
[Min MPa] [MPa] [%] [J] [J]

As welded 550 640 25 60

Stress

Relieved 500 600 27 - 80

3.2 Test speitnen

In this study, butivelded steel specimens of varying grades and thicknesses were
investigated. The specimens were categorized into two thickness groups: 6 mm and 8 mm.
The 6 mm thick specimens were welded using a sipgés GMAW process, while the 8

mm thick specimens were welded using a {pass GMAW process, with the inipass
temperature maintained at room temperature. A typical-bbaped test specimen, as shown

in Figure 17, was used in the study.

151 mm

50 mm 1 ” 100 mm

631.18 mm

Figurel7. Bone shaped test specimen

3.3 Sample peparation

Sample preparation began with the machining of plates at a 30° angle to the thickness
direction, leaving a 1 mm root face in the gauge width side for the groove. After cutting, the
specimens were cleaneddpynding to remove any burrs and metal dust from the cut surface.
They were then immersed in a 10% solution of citric acid for 22 hours at room temperature

to remove surface impurities and rust, if present.
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3.3.1 Prewelding preparation

The welding laboratory setup for this study included a robotic GMAW machine, a welding
table, and clamps. The cut specimens were mounted on the welding table using clamps, with
a 1 mm root gap between them, forming a 6a@jreove, as shown in Figure 18y feelding

in the flat position (PA).

60°

Figurel8. a) single passandb) multi-pass welding

3.3.2 Weldingandwelding procedurespecification(WPS)validation

Dissimilar welding joints (DWJ) between S700 MC Plus and Domex 500 MC D were made
using robotic GMAW in the Welding Laboratory. An ABB-&xis welding robot with a
positioner and EWM6s Titan QX P welding m:
mm thickness were mounted on the welding table (positioner) with clamps and copper

backing at theoot.

A shielding gas consisting of a mixture of Ar (8%) andC@2%) was used to protect the
molten pool from atmospheric contamination. The composition of the gas must be controlled
to ensure a stable arc and prevent oxidation during the welding process. The shielding gas

flow rate was 1€aL5 I/min.

A preliminary welding procedure specification (pWPS) was prepared based on prior robotic
GMAW experience using a 1 mm diameterdiloy filler material. Several trial welds were

conducted to validate the pWPS. Welding parameters resulting in optimum IHI, fu
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penetration, absence of defect on visual inspe¢ién and good performance on hardness
testing, quasistatic tensile testing and bending testing were accepted and validated.
Validation of the pWPS includedl, macre and microscopic studies, and microhardness
analysis of each specimen si¥é.followed the guidelines of EN ISO 5817:2023. A total of

5 specimens with different welding parameters were checked: three for the 6 mm thick plate

and two for the 8 mm thick plate.

Singlepass welding was used for 6 mm thick plates and fpaks welding for 8 mm plates.

The interpass temperature between two passes in 1pads welding was kept at room
temperature (RT). The first 11 specimens were welded and held overnight, ile t
remaining specimens were welded on the same day, allowing enough time to cool to RT
before the next weld. Singlgass welding and the final weld of the second pass were allowed
to cool under ambient conditions. Table 8 shows the details of the tril Ve first trial

weld was conducted for a 6 mm thick specimen with three different welding parameters.
Then, the next trial welds were done for the 8 mm thick specimen with two different

parameters. For the 8 mm welding parameters, the laboratory'sysesxperience was

useful.
Table8. GMAW welding parameterial welding for WPS
Speci Voltage, Current Feed W. Heat
mpen Weld U I rate, f Speed, v Input, Q, Remarks
[Volt] [A] [M/min]  [mm/s] [kJ/mm]
1 SINGLE 24 221 10 8 0,53 Rejected on VI, spatter
2 SINGLE 27,6 258 12 6,3 0,90 Rejected due to high H
3 SINGLE 24 220 10 5,5 0,77 Accepted HI much low
1'PASS 24,4 222 10 8 0,54 Rejected on OM due tc
4 nd incomplete filled
2MPASS 27,7 253 12 8 0,70 groove
c IStPASS 24,3 220 10 8 0,53 Accepted, VI and on
2MPASS 27,6 252 12 6,7 0,83 other testing

Finally, the welding parameters validated for the experimental welding are presented in
Table 9. The speed of the single pass was reduced to 5 mm/s for the experimental test,
keeping the rest as per the trial welds. Figure 19 depicts the images of treamelée for

the experimental welding.
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Table9. Validatedwelding parameterr GMAW.

Voltage, Current, Feedrate, W. Speed, Heat Input, Total HI,

Specimen Weld U | f v Q Qrot
[Volt] [A] [m/min] [mml/s] [kJ/mm] [k3/mm]
1 SINGLE 24 220 10 5 0.84 0.84
5 1StPASS 24.3 220 10 8 0.53 137
2"MPASS 276 252 12 6.7 0.83

Figure19. Welding sample:)eSingle pass 6 mm welding samplg 6omm rootside
c) First pass in 8 mm welding samplg,8mm rootside



70

3.4 Hardness testg

The Struers hardness testing machine was used to measure Vickers hardness of the weld
specimen, following the procedure in HSIO 65071:2018. Specimens prepared for
microstructure analysis were also used for the hardness tests. A 5 kgf load was used in th
study at 3436 points across the weld joint at a distance of 0.4 mm in the most critical area,
such as the HAZ anfdl, and 0.8 mm to 1.2 mm distance in the rest of the region of the weld
joint, i.e., weld metal and base materkigure 20 shows the hardss testing machine used

for this study.

MmN i

»

;e:ll‘

Figure20. Struers DuraScan for Hardness test

The device consists of a diamond indenter through which load is applied in the surface of
the test specimen to create an indentation. The optical microscope mounted in it, gives the
reakttime feed in the form of the image which is read by the software&sune the diagonal

length of the indentation. Consequently, the machine calculates the hardness based on the

mean diagonal length and applied for&ealytically,as pefEN ISO 65071 (2023)
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Equation 8 is wused to measure the Vicker
F=applied loadd = Mean angle between the opposite faces at the vertex of the pyramidal
indenter (nominally 136°)d = mean diagonal length of the indentation created in the

specimen.

3.5 Metallography

The standard metallographic techniques were used to prepare the test specimen for
microstructure analysis. The process began with mechanical sectioning of the sample from
the weld specimen by grinding. This was followed by polishing in multiple stepshwhic
includes 4 minutes of polishing with silicon carbide (SiC) and water, then 4 minutes with
diamond suspension in two steps to reduce roughness to 9 microns, followed by colloidal
silica. The final roughness of 3 microns was achieved, which is then etthesi4% Nital

(HNOs + CoHsOH) solution to obtain a test specimen free of impurities and clear surface
detail for the microscopic studies. Under microscopic observation, the microstructure can be
distinguished based on the morphology of the different regions in the weld joint. These
morphologies vary in terms of orientation, grain size, grain structure, and their distribution.
The microstructure characterization of the weld joint in this study includes examination
under optical microscopy (OM) and scannimiectron microscopy (SEM). Optical
microscopes were used to study the macrostructure and microstructure, as shown in Figure
21.
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Figure2l. Device used in metallography) &truers Tegramu30 for Metallographic
sample preparation) ®ptical microscope for macrostructural analyaisdc) Optical

microscope for microstructural analysis

3.6 Quasistatidensiletesing

In a quasistatic tensile testing, a gradually increasing tensile load is applied to the test
specimen, and the load at which the joint fracture provides the ultimate strength of the joint.
Quasistatic tensile testing was done in the Steel Structures katyoitahelps to obtain the
strength and elongation of the material under investigation. The tests were performed
according to EN ISO 6892:2010.

For this, the sides of the welded test specimen were cut and machined intbandaipape,

as shown in Figure 17. The machined specimen was further processed to remove the
protruding beads from the surface. Tentgingsvere then conducted on these specimens.
Therefore, four variety thickness samples were studied in tensile testing,-machined

and aswelded specimens, as shown in Table 10.

Table10. Specimen details

Original Thickness Flat Thickness Flat Width Gauge Gauge length Test °°P'e
Section (XX-series no.)
[mm] [mm] [mm] [mm]
[mn?]
6 5 50 250 151 D5S76SMXX

6 6 50 300 151 D5S76SXX
8 7 50 350 151 D5S78DMXX
8 8 50 400 151 D5S78DXX
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A universal tensile testing machine, shown in Figure 22, was used. The test specimen was
held between clamps, with a gradual displacement controltd@displacement rate of
0.0001 mm/s, 0.0004 mm/s and 0.0067 mm/s applied from the top clamp whikzttra b

clamp remained fixed. The first two specimens, D5S08Cand D5S78E2, were tested

under an initial displacement rate of 0.00007 mm/s. The control system in the machine
recorded data such as applied load, engineering stress, true stress, anageeet@amgation,
including true strains at each loading step. Engineering strain was calculated based on the
gauge section of the specimen. Aramis, a digital image correlation system, was used during

the testing, however, its analysis was not done in thdys

Figure22. Universal Testing Machine (UTM)sed in the quasistatic tensile testing

3.7 Bending teshg

Similar to the tensile test, the bending test is a destructive test. It helps to check ductility and
plasticdeformation under transverse loading in the weld joint. The test was carried out at
room temperature (appr oxi ma tramdverse faceBendites) . T
for a butt weld TFBB) andtransverse root bend test for a butt welot bend TRBB), each

carried out in accordance with EN 1SO 5173:2023, with the specified width and the length
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of specimen calculations, which were base:q
represents the thickness of the base metal. The bending tool diameters of 24 mm for a 6 mm
thick plate and 32 mm for an 8 mm thick plate were used at supportogistahi36 mm and

48 mm, respectively. Specimens were cut to remove side extrusions and the clamping area
so that the weld remains on the centre axis of the specimen. A typical bending testing

machine and specimens are shown in Figures 23 a and b, reslgectiv

. );L L >1+2R
[ \ | i
[ [T I P c

Y L] oy A b > 4t,

ts = thickness of specimens

l = distance between rollers

R = bending roller's diameter
b = width of specimens

Ly = length of specimens

a b

Figure23. a) Bending test, pBending test specimems per(EN ISO 5173, 2023)
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4 Result

The DWJ between D500 MC [@and S700 MC Plus was successfully fabricated.
Experimental tests, including microstructure analysis, hardness tegtiaggtatic tensile

testing,and bending testingrere conducted.

4.1 Hardnessxamination

The data from the hardness examination showed that the HAZ region was vulnerable to
changes in microhardness. Table 11 presents the microhardness distribution across the joint.
On the D500 MC D side, the HAZ exhibited a reduction in hardness compareziasi

metal, with a maximum decrease of approximately 14%. In contrast, the S700 MC Plus side
showed a hardening effect in both the CGHAZ and ICHAZ regions, with an increase in
hardness of up to 10%. Minor variations in hardness were also observedvieldhmetal.

On the whole, the hardness in the HAZ of S700 MC Plus exceeded that of its base metal,

whereas in D500 MC D, the HAZ hardness remained lower than that of the base metal.

Tablell. Microhardness distribution

6 mm thickness 8 mm thickness

S700 MC Plus D500MC D S700 MC Plus D500 MC D
BM 276 218 279 213
SCHAZ 305 210 286 209
ICHAZ 264 187 298 185
FGHAZ 232 195 233 191
CGHAZ 254 199 238 193
FL 216 217 218 207
WM 230 225 227 222

In S700 MC Plus, the HAZ hardness increased compared to the unaffected base metal. The
maximum hardness was observed at the interface between the BM and HAZ, located in the
ICHAZ region, and dropped in FGHAZ only to spike in CGHAZ. In both thickness sample

the hardness exceeded 300 HV5 at the hardest point in the HAZ. However, ridarthee
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hardness decreased in both specimens. The results for S700 MC Plus align with most studies
reporting high hardness in the HAZ, but the spike at the interface of the HAZ and BM was

quite unique. Figure 24 presents the hardness profile of the joint.

Hardness Profile

D500 MC D S700 MC Plus

Figure24. Hardness profile

Similarly, in the case of D500 MC D, the hardness values in the HAZ were lower compared
to those of the base metal. While the average hardness of the base metal was 218 HV5, the
HAZ dropped below 200 HV5. The average hardness of the weld metal was doglaty

than that of S700 MC Plus but nearly equal to the base metal of D500 MC D. The lowest
hardness value was recorded at the interface between the HAZ and base metal, which
contrasts with the observation in S700 MC Plus. However, the hardness ri¢afdt@ved

a similar trend to that in S700 MC Plus. These results, especially in the HAZ of D500 MC

D, indicated that the softest region in the weld joint was the HAZ of D500 MC D, rather than
that of S700 MC Plus. This contradicts the initial assumptian ttie softest point in the

weld would be in the HAZ region of S700 MC Plus.

4.2 Macro/Microscopiexamination

The microstructure of the weld joint is influenced by the thermal cycle, filler material, base

material, weld geometry, processing route, and welding process. In the macrostructural
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analysis of the welded specimens, different zones in the weld joint were identified under 5x
magnification to characterize the base metal (BM), weld joint, and various zonekifhe

FL, and WM(Sadeghian et al., 2014, p. 67Bgtailed observations were then made under
200x magnification for the characterization of the microstructure in each zone. Hardness
profiles were taken as a reference to conduct the microstructural analysis in these zones.
SEM observations were conducted?&0x for theFL and 1000x for the rest of the weld

joints for more clear detail overview of the microstructure.

4.2.1 Macroscopicnalysis

The optical microscopic image of the test specimen with the welding parameters from Table
9 is shown in Figure 25. Under the optical microscope, the weld bead with columnar grains,
starting from the fusion line and growing toward the centre of the weldizembe seen in

both specimens. The columnar grains in the groove region of the 8 mm thick plate were more
inclined and longer compared to those in the 6 mm thick plate. A rough sketch of the
centreline was formed by the columnar grains meeting at theeagfithe weld, indicating
smooth columnar grain growth during solidification. These macrostructure images show that
the joints were free from imperfections such as porosity, lack of fusion, and cracks. Full

penetration was achieved.

The fusion line between the weld metal (WM) and coarse grairefffieated zone (CGHAZ)
clearly differentiates the grains on both sides. The CGHAZ was characterized by large
grains, developed due to grain coarsening led by high temperatures below thg puett.

The CGHAZ on the S700 MC Plus side was larger than on the D500 MC D side. The grain
size decreases moving away from the weld metal in the CGHAZ, forming fine grains,
referred to as the fine grain hedtected zone (FGHAZ). This region experience
temperatures slightly above tAes, allowing the grains to recover their original structure,
strained during the thermomechanical control processing (TMCP). This makes the FGHAZ

tougher and more ductile compared to the CGHAZ
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Fusion line

S700 MC Plus D500 MC D

Figure25. Weld region under OM.

Further away from the weld metal, a slight change in appearance was observed in the
FGHAZ, transitioning into the intercritical heatfected zone (ICHAZ). The grains in this
region resemble those in the fine grain zone and the base metal (BM). Twantlifaoair
variations were visible on each side. In Figure 25, the left side interface of the joint shows a
dark, shadowike appearance, while the right side displays a lighter shditew
appearance, which verifies that the dissimilar metals tend to beliderently due to their
different chemical and microstructure compositions. This marks the beginning of the
ICHAZ. The ICHAZ experienced temperatures just beldws, allowing it to partially
recover its original structure. Behind the ICHAZ, a narrow band with a microstructure
similar to BM, which is distinguishable only in the hardness profile, was characterized as
the subcritical heaffected zone (SCHAZ). The ICHAand SCHAZ in the S700 MC Plus

side were larger as compared to that of the D500 MC D.

4.2.2 Microscopicanalysis

Figures 27 & 30 show the microstructure of the D500 MC D and S700 MC Plus weld joints
at 200x magnification using OM, while Figures 28 & 31 display their respective
microstructures at 1000x magnification using SEM. SEM images at 250x magnification of

the fusion line are also included to ease in differentiating the microstructure on either side.
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The observation was done on the location just above the point recorded for hardness

examination.

D500 MC D side

The base metal (BM) in Figures 27 & 28a consists of uniformly distributed ferrites. D500
MC D is a lowcarbon steelwith a carbon content of 0.1%ontributing to its good
weldability (Bandyopadhyay et al., 2011, p. 2742he steel was produced through the
TMCP route. However, the ferrite microstructures were not uniform and consisted of
irregular shapes, suggesting that the production process must have involved tempering of the
steel. The SEM image of the BM of D500 MC &veals some bright features along the grain
boundaries in Figure 26. AccordingAtkhami (2018, p. 47)these features can BA. The
presence oRA can have a positively influence on the toughness and ductility of steels by
lowering the ductilébrittle transformation temperature and improving strain hardening
(Peng et al., 2014; Rodriguez et al., 2023)

LUT 15.0kV X8.00k SE

Figure26. SEM of BM of D500 MC D under 8k magnification with bright features
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Hardness Profile

S700 MC Plus
D500 MC D us
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Figure27. Microstructure fom different region of D500 MC Dinder OMa) BM, b) B M6
highest hardness poini, lowest hardness points at BMAZ interface, § Fine grain

HAZ, e) coarse grain HAZandf) Fusion line
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Figure28. Microstructure from different region of D500 MC D under SEMBM, b)
BM6és hi ghest )hwaestthardaesspoipsoat BMAZ intecface, d Fine
grain HAZ, g Coarse grain HAZandf) Fusion line(250x magnification)
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Hardness examination showed a drop in hardness at the interface between the BM and HAZ.
The hardness values in this region range from 185 to 191 HV5, marking the lowest hardness
observed in the joint across all tests. In the macrograph, this regiomiddisthe subcritical
heataffected zone (SCHAZ), which was exposed to temperaturesAzgatnder the
microscope, as shown in Figures 27 & 28b, the microstructure consists of equiaxed ferrite,
indicating tempering had happened at a low temperature. Timation of equiaxed ferrite

was attributed to the lowl and short cooling time.

Within the HAZ, moving away from the fusion line, the different regions were formed based
on the peak temperatures they were exposed. The corresponding microstructure distribution
depends on the thermal cycle each zone experidAresaei et al., 2020, p. 1Regions

were generally categorized based on the size of microstructure developed during cooling.
Figures 27 & 28c show the microstructure of the intercritical-afatted zone (ICHAZ).

This regionexperienced temperature within the austenization range and undergoes partial
austenization. On the D500 MC D side, the ICHAZ consisted of comparatively larger grains
of ferrites compared to that of SCHAZccording to HallPetch relationship, the large grain
should result in the reduced hardnésswever, Figue 24 shows increase in the hardness as
compared to the SCHAZ his increase isnsignificant,as the hardnesemaired more or

less samandbelow the hardness of the parent metal.

Further into the HAZ, adjacent to thelatively coarsegrain microstructure olCHAZ, a

fine ferrite grain microstructure can be observed, as seen in Figures 27 & 28d. The grain
density in this region was higher compared to that in Figures 27 & 28 c. This zone, referred
to as the Fine Grain HAZ, experienced temperatures aheyenvhere full austenization
occurs. Literature suggests that ferrite formation begins at the prior austenite grain
boundaries upon cooling within the austenite rgi&drikla et al., 2012, p. 483®)epending

on the cooling rate, various ferrite morphologies form, which may require higher
magnification for examination. According &hi & Han (2008, pp. 3@9)formation begins

with irregular ferrite (allotriomorphic ferrite) and progresses to datgped ferrite
(Widmanstatten ferrite) at the ferrite/austenite boundaries. At higher cooling rates, acicular
ferrite (needleshaped ferrite) and bainitic ferrite for Since the cooling rate of the test
specimens was normal under ambient conditions, it correlates with the formation of irregular
ferrites in the FGHAZ. The strength of ferrite is lower than that of other plisa&ani,

2004, p. 303)likely contributing to the slight drop in hardness observed in this region, as
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shown in Figure 24. However, the formation of fine grains should result in a tougher and
more ductile region due to the increased number of grain boundaries per unit volume, which

restricts dislocation movement as per the Patch relation.

Figures 27 & 28e depict the coatgain HAZ region on the D500 MC D side. This region
consisted of coarse granular bainitic grains at the prior austenite grain boundaries (PAGBS),
as in Figure 29. A few platehaped bainite (upper bainite) and neditlie bainite (lower

bainite) can be seen. These microstructures form at cooling rates slower than those required
for martensite but faster than those for ferrite and pe@fékani, 2004, p. 303Y his region

was exposed to temperatures much abfgeresulting in a higiemperature gradient and
providing sufficient time for the weld to cool. This increases the cooling time, anddhigh
causes grain growth. Under SEM observation (Figure 28 e), the coarse grains contained
bright particles resembling carbides, floating within the bainitic grgifishami, 2018, p.

82). The presence of carbides increases the hardness and brittleness of the coarse grains.
Figure 27e shows a granular appearance of the coarse grains with sonlikepfatdures.

These characteristics collectively increase the hardness, which is suppoites dight

increase in localized hardness measurements seen in Figure 24.

LS Ak
LUT 10.0kV X1.00k SE

Figure29. CGHAZ of D500 MC D side

However, the average hardness in the entire HAZ region on the D500 MC D side was lower

than that of the BM. This can be attributed to the ferrite and granular bainite microstructures
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in the FGHAZ and CGHAZ, both of which are soft and have low hardness values
(Bandyopadhyay et al., 2011, pp. 2V4252)

Figures 27 & 28f show the fusion line (FL) on the D500 MC D side of the weld joint. It is
the interface between the WM and BM, with a significant thermal gradient influencing the
microstructural transformation. Under SEM observation, the microstructusestam of
feathery features in a bainitic matrix. Bainite forms at a moderate cooling rate, between those
required for ferrite and martensite formation, which applies in this study. The feathery
features suggested that the cooling rate was influenceceltyl tind temperature gradient

in the WM. In the optical micrographs, columnar grains that originate from the fusion line

and grow toward the centre of the weld metal can also be seen.

S700 MC Plus side

The microstructural analysis of the S700 MC Plus side in the base metal (BM) revealed that
bainite microstructures were dominant in the steel. Microstructure formation typically
depends on the production process route anéirish rolling temperature (FR(Pirinen et

al., 2015)(Shukla et al., 2012, pp. 483845) Specifically, HI, peak temperature, and
cooling rate significantly influence the microstructure of the weldment andaffeated

zone (HAZ)(Sadeghian et al., 2014, pp. 6881) The peak temperature experienced by
the different regions decreases moving away from the WM into the, H&Zilting in the
formation of distinct microstructures that can be clearly observed under micrqstogps

et al., 2015, p. 9487)

Figures 30 & 31a present the BM of S700 MC Plus, which consists of-grie bainite

matrix with scattered martensite. The thermomechanical control process (TMCP) results in
a fine and strong microstructure. The rolling direction is identifiable dtieetstrain marks

in the microstructure, formed during the thermomechanical rolling process. The
microstructures in the BM were aligned with the-pt&in direction, as reported in earlier
studies on TMCP steel. This process imparts both ductility andstrigingth to the material,

and this region remained unaffected by the thermal cycle of the welding process.

During the hardness examination, it was observed that the BM of S700 MC Plus had
followed a common trend, with a slight drop in hardness followed by a sharp increase at the
interface between the HAZ and BM, as shown in Figure 24. The corresponding
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microstructural features of these regions are presented in Figures 30 & 31 b and c. Although
these regions fall under the BM in microstructural analysis, the variations in hardness
indicated that the S700 MC Plus exhibited a large HAZ region with largéAZCand
SCHAZ whose microstructure resembled the BM, but hardness examination suggested this
extended region was influenced by welding HI. Figures 30 & 31b show that the
microstructure consisted of regions with a relatively high density of granular baihige
transition from fine grains to granular bainite supported the idea of a large HAZ. Figure 24,
on the S700 MC Plus BM side, shows a similar trend in all the hardness examinations.
Granular bainite is soft in nature, and due to its less refined misccastal features, it tends

to exhibit lower mechanical properti@Birinen, 2013, p. 44)This might be the reason for

the reduced hardness observed in the microstructure.

Next to it, Figures 30 & 31c represent the hardest region of the weld joint. Its microstructure
under SEM contained refined grains of bainitic ferrite and martensite, causing a sudden spike
in the hardness. During partial austenization, leteerperature Ipases such as bainite
transformed austenite. The location of the region in the weld joint suggests that it
experienced a high thermal gradient for a short duration, leading tec@dsig rate. As a

result, carborenriched austenite decomposed to fommbiic ferrite, acicular ferrite, and
martensit€Shi & Han, 2008, p. 33Yhis explains the observed fine grains of bainitic ferrite

in the BM, which consists predominantly of bainite and martensite in the microstructure and
imparts the highest hardness in the joint, which is the characteristic of the mixture of the

microstructwe usually.
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Figure30. Microstructure fom different region of S700 M@lusunderOM a) BM, b)

BM6s | owest hHardespants at BldHAZ mterface,a) lowest hardness
point in Fine grain HAZ, eHardest point in coarse grain HAZndf) Fusion line
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Figure31. Microstructure fom different region of S700 MC Plus und&EM a) BM, b)
BM6s | owest hHarddspant at BldHAZ imterface,al lowest hardness
point in Fine grain HAZ, eHardest point in coarse grain HAZndf) Fusion line (258

magnification)
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Figures 30 & 31d show the firgrain HAZ region, where the microstructure consisted of
fine grains of equiaxed ferrite. The temperature in the FGHAZ was slightly ahgaye
allowing the dissolution of residual carbon precipitates and rolling strains formed during the
TMCP process. Full austenization occurred, forming adiaen of ferrite, which enhanse

the mechanical properties of the regiorcomparison to that of CGHAZowever, studies
suggest that the toughness of this regemaindower than tha of the BMof TMCP steels

due to weldingHI (Pirinen, 2013, p. 130)

Figures 30 & 31e depict the coarse grain HAZ. Its microstructure predominantly consists of
coarse grains of bainite with few dispersed martensite in PAGBSs, as in Figure 32. This region
experienced temperatures above 1200 °C, which leads to a relativelxdoting rate.
However, the cooling rate was insufficient for martensitic transformation to occur under
ambient condition resulting in the formation of bainite. Grain coarsening occurred due to

high HI and sufficient time allowing for grain growth despite fastcoolingrate

Figure32. Coarse grain HAZn S700 MC Plus side

Under SEM observation, several bright spots resembling carbides were visible, as shown in
Figure 32. The presence of carbides increases the hardness and brittleness of the region,
raising its susceptibility to brittle fracture. The brittle microstructareghe CGHAZ also

makes it less ductile, with lower toughness.

Figures 30 & 31f represent the microstructure of the fusion line on the S700 MC Plus side,

which resembles that in the D500 MC D side. FL also consisted of the feather bainite
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attributed to the rapid cooling at high temperature. The hardness examination shows the
slight drop in the hardness value as compared to that of the surrounding region; however, it
i's similar to that in the other D500 MC D¢

Weld Metal

Figure 33 shows the microstructure of the weld metal of the DWJ between D500 MC D and
S700 MC Plus. The averag during welding were 8.5 kd/cm for the 6 mm plate and 13.4
kJ/cm for the 8 mm plate. The formation of the microstructure during solidification depends
on the chemical composition of both the base metal and filler metal, as well as the thermal
cycles. Usingn appropriate filler material can help control the chemical composition of the
weldment(Sadeghian et al., 2014, p. 678) this study, the use of Milloyed filler metal

had a positive effect on the microstructure of the WM, resulting in a mixture otuvitexd
acicular ferrite and martensite. The intetning of acicular ferrite enhances hardness
without causing brittleess. Such a characteristic feature of acicular ferrite contributes to
improved mechanical properties, including high strength and toughness. The weld metals

lack a dendritic microstructure.

{ ST ) - “I I
50.0um

Figure33. Weld metal aUnder OM, ) Under SEM

OM observation revealed columnar grains growing toward the centre of the weld metal. High
HI and the thermal gradient caused rapid solidification during codtihgnd cooling time
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are directly related, i.e., higHl leads to longer cooling time, and ladl leads to short
cooling time. The cooling conditions in this study were normal at ambient temperature,
which was relatively low for complete martensitic transformation. The formation of
dendrites, typically occurring during rapid cooling, was abé®atleghian et al., 2014, p.
681). SEM shows carbidéke structures which were likely to have precipitated during slow
cooling. However, further studies can be done using higher magnification for its verification.
Overall, microstructural studies show that these microstructural featunepositively

impact the hardness and mechanical properties of the weld metal.

4.3 Quasistaticensiletesing

The tensile testing result showed that out of 12 specimens, 11 fractured from the base metal
(BM) on the D500 MC D side after plastic deformation. Figure 34 shows the fractured
specimen from the BM of D500 MC D, exhibiting a ductile fracture, indicatigtial
deformation before ultimate fracture. The necking point is clearly visible in thethess

strain curve in Figure 35 a.

Figure34. Specimen broken from BM of D500 MC D during tensile.test
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Table 12 presents the test data from the tensile test of the DWJ. Tensile tests were conducted
on aswelded and asnachined specimens, with three specimens for each thickness group, 6
mm and 8 mm thick plates. The results showed that all specimens, exegfractured from

the BM. This indicates that the weld metal strength was higher than that of D500 MC D. The
results were expected for the selected filler material matching the strength of D500 MC D,
confirming appropriate welding parameters. Howevest Beries no. 10, an-asachined
specimen for the 6 mm plate, fractured from the weld joint, wMdsevealed pordike

defects at the fracture point. The result of this specimen can be used to predict the weld

strength Figure 35 shows the plot of the test.

Table12 Quasistaticensiletestresult

Flat Flat Gauge %t:]n;i?ée Yield Elong. at EﬂrﬁXIm

Thickness Width g Strength, Fracture, Fracture
Test Section  Strength, Force, .

(@) (b) Rp0.2 A Location

mm om0 R Nmmg 6] D

[N/mm?] [kN]

1 7980  50.350 401.793 608.9 528.4  19.0 244.66 ?ES\%) MC D
2 7980  50.350 401.793 621.4 538.7  18.9 249.69 ('?35%’ MC D
3 7970  50.300 400.891 606.3 5289  18.2 243.10 535,3;) MC D
4 6020 50250 302.505 638.2 5569 179  193.10 ('?35%’ MCD
5 6010  50.250 302.002 631.3 5562  17.1 190.64 535,3;) MC D
6 6010 50150 301.402 642.8 560.7  18.0 193.76 (DB5|\‘A)§’ MC D
7 7097  50.250 356.624 622.8 5412  20.4 222.11 335,3? MC D
8  6.900  50.050 345.345 620.3 538.7  20.1 214.22 (DB5|\%’ MC D
9  6.820  50.100 341.682 608.7 5315  19.4 207.98 %5,\%) MC D
10 5010  50.050 250.750 636.2 558.3 113 15953 WM
11 4770  50.000 238500 648.8 5666 172 15475 %5,\%) MC D
12 5020 50100 251502 641.1 559.8 187 16125 o00MCD

(BM)
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—D5576S8-01
D5576S-02
—D58765-03
D5S78D-01
D5S78D-02
D5S78D-03
—D5S765M-01
—D55765M-02
—D55765M-03
—D5S578DM-01
—D5S78DM-02
—D5S78DM-03

—D55765-01
D55765-02
—D58765-03
D5878D-01
D5S878D-02
D5578D-03
—D5S876SM-01
—D5876SM-02
—D55765M-03
—D5578DM-01
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Figure35. Quaststatic test result of DWJ D500 MC D + S700 MC plus: a. True stress

strain curveb. Eng. StressElongation
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The test results show that the performance of the joint is governed by the D500 MC D and
not by the weld met al in this case. Ther ¢
ultimate tensile strengtHJTS) for D500 MC D of approximately 626 MPa and a yield
strength of 546 MPa, with an average elongation at fracture point of 18.6%, which is equal
to the specified elongation percentage 1in
Similarly, tendle test data for specimen no. 10 showed thatyfh$ of the weld metal (WM)

was 636 MPa, with a yield strength of 558.3 MPa, much higher than the D500 MC D base

metal. Its elongation at the fracture point was 11.3%.

Figure 35 provides a graphical representation of the test results. These results reflect the
tensile properties of D500 MC D. The graphical representation shows significant variation
in the curves. Since failures predominantly occurred in D500 MC D, thatiga in the
experimental results of identical specimens was due to material and thickness variability.
Material variability results from microstructural heterogeneity, while the thickness effect can
be directly seen in the test results in Table 12ekample, yield strength values were higher

for all those specimens for which thickness values were low.

Figure 35a is a plot of the true stress vs true strain based on the machine output of the tensile
testing. The plot doesndét show the materi:
of the curve in this plot helps to predict the strain at thetpdimecking(Donato & Ganharul,

2013) Figure 35b depicts the plot between engineering stress vs elongation % of the test
specimen, including at the fracture point. The curve reflects the material behaviour even

after the necking point, till the stress becomes zero.

Test specimen no. 10, which fractured at 11% elongation, much lower than the other
specimens, experienced early failure before the BM reached the specified elongation. This
suggested that the reason for the failure was not primarily related to the makthanic
properties of the base metal rather, it can be related to the welding condition or the presence
of the weld defect, such as porosity, inclusions, or microcracks. Typically, defects act as
stress concentrators, significantly reducing mechanical propatineir sites. The failure

in specimen no. 10 is likely due to such defects. This observation was supported by the fact
that the same welding parameters were applied to all specimens, and their results were

consistent for the rest of the specimens.
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4.4 Bendingtesting

Bending testing in DWJ was successfully ¢
mm I 50 mm I 8 mm test specimens. Figure 3
D500MC D specimen bent through 180° while S700 MC Plus side exhibited only slight
bending, suggesting lower strength of the DSO0OMC D. The ductility of the S700 MC Plus
side was | ess however, since it didno6t fr
Besides, studies show that the ductility decreases with the increaséamndhessthe S700

MC Plus side shall result in fracture prior to sufficient bend®andy,2007) The ductility

of the HAZ region of D500MC D, as discussed in the microstructure studies, can be verified
throughthese bending results. Since the specimen underwent 180° without any sign of
fracture, the presence of soft phases ferrite and granular bainite in it resulted in improved

ductility.

Figure36. a) Result ofbendingtesting, B Root side, L Face side

Table 13 illustrates the details of the bending test results. A total of 12 tests were conducted,
6 for each sample size on the face and root side. Across all specimens, the bending angle
was maintained at 180°, with no sign of fracture on either sideeoféld.
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Table13. Bendingtestresults

Tool Support

Test No. Test Side Size Diameter Distance BendOAngIe Remarks
[mm] [mm] [mm] [°]
6.01 TFBB 6x50 24 36 180 OK
6.02 TFBB 6x50 24 36 180 OK
6.03 TFBB 6x50 24 36 180 OK
6.04 TRBB 6x50 24 36 180 OK
6.05 TRBB 6x50 24 36 180 OK
6.06 TRBB 6x50 24 36 180 OK
8.01 TFBB 8x50 32 48 180 OK
8.02 TFBB 8x50 32 48 180 OK
8.03 TFBB 8x50 32 48 180 OK
8.04 TRBB 8x50 32 48 180 OK
8.05 TRBB 8x50 32 48 180 OK
8.06 TRBB 8x50 32 48 180 OK

These results suggest that the welded joints exhibit excellent ductility and good weld quality
in both the weld metal and heafected zones. The absence of fracture or any surface
irregularities during bending and the consistent bending behaviour otbsagcvess all
specimens indicate that the welding procedure and parameters were properly selected and
effectively controlled, resulting in joints with high mechanical properties. These parameters
provided sufficientHl to ensure weld quality without causifmittleness or excessive
hardness in the HAZ or weld metal. The presence of a soft microstructure in the HAZ of
D500 MC D enhanced the toughness and ductility. This further confirms that the selection
of filler material and the welding process used wepprapriate for the base materials

involved in the study.

Overall, the findings of the experimental studies can draw conclusions on the mechanical
properties and fracture behaviour of the DWJ under investigation. The hardness test results
showed significant variation in the weld joint. Tensile tests revealedr#nétires occurred

in the base metal of the lowstrength steel, not in the weld metal, indicating the weld metal
had higher strength. Bending testing provided the evidence for improved ductility and
toughness of the HAZ of the D500 MC D side. Theseitigsl also helped confirm the

optimum welding parameters for joining the selected steel grades.
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5 Analysisanddiscussion

The results of the tensile testing and bending testing were as expected. Fracture occurred in
the BM of the lower strengtrade steel, indicating that the weld exhibited higher strength.

It was also observed that the BM underwent ductile fracture aftkimngein the tensile test,

while the HAZ region did not show brittle fracture in test no. 10. Bending testing showed
that joints were able to undergo bending at a completel&g§fee angle in both the face side

and root side tests with fractures, confirgnienough ductility of the joint. This verified that

the welding parameters wesptimal,and theH| used in welding was adequate.

The performance of the welded structure depends on the weldiagd its effect on the
HAZ region. However, in this case, since the fracture occurred in BM, the mechanical
properties of D500 MC D were more relevant than the weldih¢p determine the joint
performance. Microstructural analysis of the HAZ region and the bending testing revealed
the formation of a soft phase improved toughness and ductility in D500 MC D. In contrast,

a hard and brittle microstructure with sufficienestgth formed on the7®0 MC Plus side.

Apart from these test results, the use ofally filler metal was expected to yield better
outcomes. It promoted the formation of acicular ferrite and martensite in the WM. The tough
acicular ferrite balanced the harder and brittle microstructure, inmgromechanical

properties and weld joint behaviour.

Influence ofwelding parameters

The welding process is influenced by welding parameters such as arc voltage, current,
welding speedH]I, and cooling time, as shown by various studi2avid et al., 2003, pp.

14i 20; Shi & Han, 2008, p. 31)iterature on DWJ provides insights into various challenges
associated with the joir{Celik & Alsaran, 1999, pp. 31B18; Dak & Pandey, 2020, pp.

377 406; Mortezaie & Shamanian, 2014, ppi 88; Naffakh et al., 2009, pp. 362839;

Parkes et al., 2013, pp. 6@&'5; Wang, J. et al., 2012, pp. 5524) Given theseonstraints,

the selection of welding parameters indeed went through narrow limits and was followed by
rigorous testing. Results from hardness testing and optical microscopy (OM) helped to
validate the welding parameters.
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Microstructural analysis and hardness testing confirmed that weld performances were
influenced byHI. The peak temperature in each zone in HAZ, which depends atil the
influences the formation of microstructures in corresponding zones of the weld joint. Zones
near to WM experience peak temperatures above the austenisation range, allowing their
microstructure to coarsen, thus resulting in a hard and brittle microsegu@thnile in the
furthest zones, they experience peak temperatures closeAg; ttagefor a short interval,
allowing the microstructure to undergo tempering. Such microstructure development in the
weld joint has different mechanical properties, as seen in hardness examination. Overall, the
welding parameters which regulate tHe during the welding can significantly affect the
performance of the weld joint.

Microstructureinhomogeneity

One of the most concerning issues noticed in the study was the microstructure
inhomogeneity. The results revealed significant variation in the type and distribution of
microstructures on both sides of the dissimilar weld, namely DSOOMC D and S700MC Plus,

influencing the mechanical properties.

On the D500MC D side, the base metal (BM) primarily consisted of ferrite along with some
RA, indicating a softer (by hardness examination) and more ductile phase (by
microstructural analysis amguasistatidensile testing). In SCHAZ and ICHAZ, equiaxed
ferrite and irregular ferrite, respectively. They exhibited the hardness in opposite directions.
While the CGHAZ and fusion line showed a bainitic microstructure with improved hardness.
The feathetike bainite structures in the fusion line marked the trémsiin the WM and

HAZ.

On the S700 MC Plus side, the BM had predominantly harder and stronger microstructures
of fine-grain bainite andhartensite. The SCHAZ presented a high density of granular bainite
and martensite, a structure associated with increased hardness. In the ICHAZ, refined grains
of bainitic ferrite and martensite were present, and this region was identified as the hardest
zone in the entire weld joint. Equiaxed ferrite was observed in thgfaia HAZ and coarse

bainite in the CGHAZ, resulting in a soft and hard region next to one another. Moreover,
similar to the D500MC D side, feather bainite was also observed at tbe fing, acting as

a transitional microstructure.
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Such microstructure variation within the weld joint significantly affects the strength,
hardness, and toughness distribution. The presence of bainite and martensite forms a hard
and brittle region, while ferrite results in the soft and ductile regionifthgace between

these regions can lead to the localized strain and increase the susceptibility to cracking.
Therefore, microstructure inhomogeneity is a major challenge in DWJ.

SEM and OM revealed the presence of acicular ferrites and martensite in the weld metal.
These phases enhanced mechanical properties. Based on literature, the cooling process under
ambient conditions contributed to their formation. Rapid cooling at higherture due to

high temperature gradients resulted in the formation of ferrite, while the ejection of carbon
into the austenite resulted in the transformation into martensite. The transformation was
influenced by carbon content, temperature gradientcanting rate. Acicular ferrites and
martensite are formed during rapid cooling, resulting in sufficient mechanical properties in

the weld metal.

At high temperatures, the temperature gradient drives the formation of acicular ferrite. This
leads to carbon enrichment in the remaining austenite, which transforms into martensite as
long as the cooling rate and carbon content support the transformiatiother words,
martensite formation is aided by the carbon content and temperature gradient of the weld
metal. As cooling continues, the cooling rate decreases due to the drop in temperature
gradient, which increases the formation of acicular ferrite dewleases martensite. This
explains why the amount of martensite was less than acicular ferrite in the weld metal.
Additionally, transformation at higher temperatures results in nesdiped ferrite or
acicular ferriteThis ferrite is comparatively softer than martensite and has better toughness.
Martensite is hard and brittl@Kakani, 2004, p. 303)A balance between these phases

improves the mechanical properties of the weld joint.

Microhardness variation

Figure 37 confirms significant microhardness variation across the DWJ. Three specimens
used in the study showed a similar trend in microhardness distribution. The variation was
more noticeable in the HAZ region of S700 MC Plus, while the HAZ of D500 MC D
gradually increased, though the average hardness remained below that of the base metal.
This indicates that the HAZ of the D500 MC D side was softer than its base metal. Similarly,
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the hardness at the two HAEM interfaces showed considerable fluctuation. The lowest
hardness was recorded on the D500 MC D side, and the highest on the S700 MC Plus side,
both at the HAZBM interface.

Microhardness distribution
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Figure37. Microhardness variation across the weld jaints

Likewise, a slight variation can be observed in the weld metal. As per Table 11, the average
hardness on the D500 MC D side is lower than that on the S700 MC Plus side. In general,
hardness variation in the DWJ arises from differences in microstructunesical
compositions of the base metal and filler metal, and their thermal and metallurgical
properties. The variation is attributed to the thermal effects of welding, which alter the phase
distribution and grain structure locally. The softest region wastified in the subcritical

HAZ of D500 MC D, consistent with reduced hardness due to thermal tempering.-The Ni
alloyed filler metals used in this study significantly influenced the weld hardness
distribution. Their interaction with the base metal afftis&on line caused different hardness
values, following a similar trend in all test specimens. It is important to note that hardness
variation corresponds to changes in mechanical properties such as strength, toughness,

fracture resistance, and fatigusistance of the weld joints.
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Softening of HAZ

The ratio of the difference between the average hardness of the base material and the least
hardness region of the HAZ to the average hardness of the BM showed that softening in the
HAZ was greater in S700 MC Plus. In the test specimens, 6 mm and 8 rrpldies, the

lowest hardness was measured in the ICHAZ, with corresponding softening ratios of 17.39%
and 14.6%. For D500 MC D, the lowest hardness was recorded in the ICHAZ for the 6 mm
sample and in the FGHAZ for the 8 mm sample, with softening rdtibs 2% and 12.84%,

respectively. From this analysis, two conclusions can be made:

- Since the percentage of softening was high in the 6 mm thick steels, it indicates that
the selected welding parameters caused optirAunSoftening during welding is
directly influenced byHI, which was measured as 0.84 kJ/mm for this weld run. To
reduceHl in the remaining welds on the 6 mm plate, the welding speed was increased

from 5 to 5.5 mm/s as a precaution.

- The percentage of softening is higher in S700 MC Plus for both thicknesses
compared to D500 MC D. This is due to the bainitic microstructure observed in the
BM, which tends to lose hardness and become ductile at elevated temperatures during

welding. This sftening behaviour of S700 MC Plus agrees with most earlier studies.

Absence ofarbon migrationlntermetallic compounds (IMCsandUnwanted phase
transformation

Unlike alloyed steel, micro alloyed steels are less vulnerable to issues such as carbon
migration, intermediate phase transformation, and deleterious phase transformation. Further
study is required to confirm these effects with different filler materials. However, the current
study showed that such problems did not occur in the weld joweketD500 MC D and

S700 MC Plus using Malloy filler metal. The use of Nalloyed filler metal was expected

to yield these results, as it reduces the weldabidilsted issue during an austertibeferrite

phase transformation due to their intermedi&tral properties, which helps to reduce
thermal stress and promote smooth transition, enhancing the characteristics of the welded

joints.
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6 Conclsion

In this study, DWJ between D500 MC D and S700 MC Plus was fabricated using GMAW,
and microstructure characterisation and mechanical properties were successfully analysed.
Few challenges associated with DWJ, such as microstructure inhomogeneity, vamiation i
hardness, and softening of HAZ, were observed. This study concludes the following

findings.

- Use of the Nialloyed filler material helped strengthen the weld joint. The
microstructure of the weld metal consisted of acicular ferrites and martensite, the
combination of which is well known for enhanced hardness and toughness properties.
The fractureof the joint at the D500 MC D base metal provides sufficient proof for
it.

- The presences of unmixed zones, deleterious phases, intermetallic phases, and
decarburised regions were not observed, but issues such as microstructural
inhomogeneity, microhardness variation, and softening of the HAZ region were

reported.

- The softest region in the weld structure was observed in the HAZ of D500 MC D,
with the lowest hardness at the interface between HAZ and BM. In contrast, HAZ of
S700 MC Plus experienced hardening, and the hardest region in the joint was
recorded at the intface between HAZ and BM due to the localised thermal cycle
and microstructure redistribution leading to the formation of bainitic ferrite and

martensite.

- Average hardness of HAZ in D500 MC D side was less than that of the BM.
Microstructure analysis showed the presence of granular bainite and ferrite, both of
which are comparatively soft phases. However, the combination of which helped
increase the toughneand ductility of the joint, thereby increasing the performance
of the weld joint. Its bending without any fracture during bending testing provides

evidence for the increased toughness and ductility.
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The microhardness variation was verified in the weld metal of the DWJ along with
fluctuating hardness values recorded throughout the weld joint. This proves the

challenge associated with the DWJ.

The percentage of softening of the steel was recorded high in S700 MC Plus in
comparison to D500 MC D. This verifies that the haggtength grade is more likely
to exhibit high softening of HAZ.
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Appendix1. pWPS forsingle passwelding

LUT
University

Hitsausohje.

_‘ﬁl-:nisnuim-:ﬂ

Steel Structures

Welding Procedure Specifications

Perusaineet/ Base metals

S700MC — S500MCD

Railon valmistus / Groove preparation

sahaus/hionta/koneistus
Sawing / Machining

Railon puhdistus / Groove cleaning

Yes

Kappaleen kiinnitys / Workipiece
fixturing

ruuvipuristin tms. / Clamp
etc.

Silloitus / Tack Welding

Yes, just the both ends

Toe/Rajaviiva
Juuripinta / Root face 1 mm
limarako / Weld gap 1 mm

Aineenpaksuus / Material thickness | 6 mm Railomuoto/Joint type waojnesiya f Weidng
sequence

Putken ulkohalkaisija / Outside 60°

diameter s

Hitsausmenetelmé / Welding process | MAG (135)

Hitsausasento / Welding position PA

Juuren avaus / Back gouging

Elektrodi / Electrode

Juurituki / Backing Yes Teroituskulma / Sharpening angle .
Lisaaineen luokittelumerkinta SFA/AWS A5.28: :
Filler material classification ERB80S-Ni1 Roltinkulma / Torchiangle a0
Lisdaineen kauppamerkintd | psap ok Autorod 13.23 | Kallistuskulma / Inclination angle 5-15
Filler material trade name
Etaisyys tyokappaleesta
Jatihe / Flux ) Distance contact tube to the workpiece 16 - 26 mm
Suojakaasu ENISO Ar/CO2 mixture Korotettu tyslampétila RT
Shielding gas - Preheat temperature
°
: w 5 £ [Palkojen valinen lampétila
Virtausnopeusalue / Flow rate 10 - 15 I/min Eol -
22, Interpass temperature
Plasmakaasu / Plasma gas _ g'ﬁ # | Esikuumennusmenetelma _
9 % o % Preheat method
=i ST -

. ; > £ £ | Tydlampatilan mittaus N
Virtausnopeusalue / Flow rate o £ Temperature measurement
Juurikaasu / Bacing gas -

Virtausnopeusalue / Flow rate - - | Menetelma / Method -
. " i) @| Kuumennusnopeus
x T P _
Virtalaji / Type of current DC g >.§ E| Heating rate
Napaisuus / Polarity + E E b S Pitolampétila / Temp. -
% S [Pitoaika / Time -
Kuva liitoksesta / Picture of the joint ] 2 Jéiéhtyml‘snopeus /Cooling
rate
Menetelma / Method -
o - =
-
£3% -
§IE -
= o s
=a £ i
.
Huomautuksia/Remarks:
Heat input must be lower than 0.84 kJ/mm
Max tgs -time 20 s.
Lisaai- Hitsaus- Kaariia Hitsaus- Langan- Lammén- Vapaa- Vaapu:
Hitsaus- ne virta el nopeus SYGH- tuonti langan- tustag: Amplitudi Huom!/
Palko ! 3 7 nitealue/ alue / nopeus pituus juus P!
Run menetelma Size of alue/ Vallaae Travel Wire feed alue Run-out Weavin Amplitude | Remarks!
Process filler Current v 9 Speed t Heat input length f 9 (mm )
2] (A) (V) pee rate (kdimm) eng requency
(em/min) (m/min) (mm ) (Hz )
1 135 1.0 120 - 200 20-25 10-30 3-10 15-20 - -
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